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PREFACE 


Objects are characterized by a variety of physical parameters such as size, 
shape, and weight. However, the most frequently measured physical property is 
temperature. Heat is a byproduct of all work whether it is from electrical, mechanical, 
or chemical activity. We generate, contain, and transfer heat to run our industries and 
make our everyday lives comfortable. Unexpected temperature variations may indicate 
design flaws, poor workmanship, or damaged components. A temperature variation 
can also be used to recognize an intruder, locate a buried object, orto identify geological 
events. 


Thermal imaging systems are used by the military to detect, recognize, 
and identify enemy personnel, equipment, and buildings. Police patrol border 
crossings and use thermal imaging systems for search and rescue. The systems 
are particularly useful for evaluating the condition of power lines, transformers, 
circuit breakers, and motors. Simply put, they can be used to evaluate the “health” 
of any electrical or mechanical component. 


Several texts that describe the applications of thermal imaging systems are: 


Nondestructive Evaluation of Materials bv Infrared Thermography, X.P.V. 
Maldague, Springer-Verlag, New York (1992). 


Applications of Thermal Imaging, S. G. Burney, T. L. Williams, and C.H.N. 
Jones, Adam Hilger, Philadelphia, PA (1988). 


Practical Applications on Infrared Thermal Sensing and Imaging Equipment, 
second edition, H. Kaplan, SPIE Press Vol. TT34, Bellingham WA (1999). 


SPIE has assembled two compendiums: 


Selected SPIE papers on Thermal Sensing and Imaging 1980-1999, SPIE 
CD-ROM, Volume 7, J. Snell and D. Burleigh, eds. (1999). 


Selected Papers on Temperature Sensing: Optical Methods, R.D. Lucier, ed., 
SPIE Milestone Series Vol. MS 1164, Bellingham WA (1995). 


The first compendium is a collection of papers from the proceedings of the 
SPIE conference Thermosense. Since this is an important contribution to the litera- 
ture, Appendix C of this book contains the Table of Contents of the CD-ROM. The 
second contains reprints of articles that appeared in professional journals. 


This book differs from those texts by clearly describing the phenomenology 
of heat transfer and providing numerous thermograms to support the concepts. It also 
covers a diverse set of applications. This book is divided into two parts. The first part 
(Chapters 1-9) provides the physics background that is necessary to interpret thermo- 
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grams. The second part (Chapters 10-20) discusses various applications. Except for 
Chapter 19, Nondestructive Testing, minimal math is used in the second part. Heat 
transfer during nondestructive testing is a complex phenomenon and therefore re- 
quires more math. The researcher and scientist will read the first part in detail whereas 
the thermographer performing inspections will concentrate on the second part. 


Heat transfer (Chapter 2), radiation theory (Chapter 3), and emissivity 
(Chapter 4) form the backbone of all thermal imaging system applications. The 
atmosphere (Chapter 5) may attenuate the received signal. This becomes an issue 
over long path lengths - typical of military applications. Camera desi gn, performance 
parameters, and camera selection are contained in Chapters 6 through 8. It is can not 
be understated that each camera has specific design features and unique performance 
parameters. As a result, it is somewhat of a challenge to find a system that is best for 
a specific application. Interpretation of thermograms requires training (Chapter 9). 
This training must include the material provided in Chapters 2 through 5. 


Part 2 begins with an introduction to applications (Chapter 10). Chapter 
1l discusses the influence of the environment of target signatures. With this 
knowledge, it is possible to perform quantitative temperature measurements. For 
some tests, qualitative results are adequate. These include building envelope 
inspections (Chapter 13), roof inspections (Chapter 14), and the location of buried 
objects (Chapter 17). Electrical and mechanical inspections often require 
quantitative results (Chapters 15 and 16). Here, the temperature of a component 
is compared to a standard or guideline. If the temperature is too high, then the 
component must be repaired or replaced. Although surveillance refers to the 
Observation of a person, this definition is extended to include the detection, 
recognition, and identification of both people and objects (Chapter 18). It includes 
search and rescue, endangered species monitoring, border patrol, law enforcement, 
and military applications. Nondestructive testing (Chapter 19) can locate disbonding, 
delamination, and corrosion. These are of prime concern of our aging commercial 
aircraft. Chapter 20 briefly discusses applications in six different industries. Chapter 
21 lists the steps necessary for a successful test or inspection. 


The physics is described by three equations. The first is the “easy” 
approach to describe the phenomenology. For example, the output of a detector is 
given by 


F, DETECTOR — AR. pM 


where R,is the detector's responsivity, M is the radiation from the target, and k 
is a constant. The effect of R, and M on Virgen described and supported by 
numerous examples. Then the concept of wavelength, A, is introduced with the 
second equation. The radiant intensity also depends upon the target's temperature, 


T. The sum of all the outputs at the various wavelengths must be added together. 
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This is represented by an integral (third equation): 


V CAMERA = f Vprrecrorl A) dh. 
Ay 


Long-wave infrared (LWIR) and mid-wave infrared (MWIR) systems have different 
wavelength intervals [A, , À,]. The reader who is less interested in the math complexities 
will use the first equation. But he will fully understand the phenomenology. If detailed 
calculations are necessary, the reader will use the third equation. This last equation 
provides the guidance in selecting an appropriate camera for a specific application 
(i.e., MWIR or LWIR camera). 


By using both simple and complex math, this book is intended for all that 
work with thermal imaging systems. This includes the researcher, system designer, 
test engineer, salesman, and end user. Since civilian and military applications are 
discussed, this book is useful to both communities. 


The scientific community and many industries around the world use the 
metric system and it is used in this book. However, some industries in the U.S. 
and other countries still use English units. The conversion from miles per hour 
(mph) to meters per second (m/s) and degrees Fahrenheit (°F) to degrees Celsius 
(°C) are straightforward. While the reader can easily make the conversion, it takes 
time and it interrupts reading comprehension. Therefore, the English equivalent 
is always provided parenthetically. 


I extend my deepest gratitude to all my coworkers and students who have 
contributed to the ideas in this book. They are too many to mention by name. I 
especially thank all those who read draft copies of the manuscript: Mary Lee Cassetta, 
consultant; Arnold Daniels, Optics-1; Dennis Hewins, Academy of Infrared 
Thermography; A. J. Holst, American Credit: Chris Johnston, IRcameras.com; 
Ron Newport, Academy of Infrared Thermography; Harold Orlando, Northrup 
Grumman; Jim Porter, Raytheon Systems; Dr. Austin Richards, Indigo; Elliot 
Rittenberg, EFR Associates; John Snell, Snell Infrared; and Gary Weil, EnTech 
Engineering. Although these reviewers provided valuable comments, the accuracy 
of the text is solely my responsibility. Douglas F. Marks provided the graphics and 
manuscript layout. 


The thermograms were obtained from a number of sources. However, 
some images have been so widely distributed that the original owner is not known 
to many. If I missed a credit or gave credit to the wrong person, I apologize. 
Every attempt has been made to authenticate the owners. I hope that you find the 
title accurate: That this book IS the common sense approach to thermal imaging. 


Gerald C. Holst Winter Park, FL 
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INTRODUCTION 


Objects are characterized by a variety of physical parameters such as size, 
shape, and weight. However, the most frequently measured physical property is 
temperature. Heat is a byproduct of all work whether it is from electrical, mechanical, 
or chemical activity. We generate, contain, and transfer heat to run our industries and 
make our every day lives comfortable. Unexpected temperature variations may indicate 
design flaws, poor workmanship, or damaged components. Excessive temperatures 
often exist just before failure. 


Your internal temperature is 98.6°F (37°C) and a fever suggests that a disease 
may be present. Localized elevated temperatures may indicate a local abnormality. 
Since cancer cells have a high metabolic rate, a localized elevated temperature may 
warrant further tests for the presence of cancer. 


An internal-combustion engine converts the potential energy contained 
in the fuel into mechanical energy. Heat is a byproduct. As the efficiency decreases, 
more heat is exhausted. Thus, the exhaust temperature is an indicator of the “health” 
of an engine. The brakes convert forward motion (kinetic energy) into heat. 
Defective brakes may create excessive localized heating that may lead to failure 
with disastrous results. 


Energized electric motors, transformers, and electronic components create 
heat. Operational efficiency degrades as the temperature increases. As a result, 
components are routinely measured and the temperature dictates a course of action 
(Table 1-1). 


Temperatures may be measured with either a contact or non-contact device. 
Contact devices include the common liquid-in-glass thermometer, resistance 
thermometer, and thermocouple. Non-contact devices may be either non-imaging or 
imaging systems. A non-imaging system (such as a radiometer) simply measures the 
radiation. The system’s calibration converts the output voltage to a temperature. Imaging 
systems, discussed in this book, create a two-dimensional electronic image of the 
object. As with the radiometer, the imaging system measures the radiation that appears 
to emanate from the object. Here, calibration provides a two-dimensional representation 
of the surface temperature. 
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Table 1-1 
REPRESENTATIVE REPAIR PRIORITY 
Precise values depend upon specific equipment 


Temperature rise Si r TOPs 
Greater than 50°C Acute Immediate repairs 
(Greater than 90°F) overheating 


required 


30°C to 50°C Excessive Repair as soon as 
(54°F to 90°F) overheating possible 
10°C to 30°C Second stage Should be attended to at 
(18°F to 54°F) of overheating the first opportunity 
5°C to 10°C First stageor Should be monitored and 


repaired during next 


o o 
(9"F to 18°F) scheduled maintenance 


overheating 


Less than 5°C 


(Less than 9°F) Normal operation 


Measurements can be either qualitative or quantitative. Qualitative meas- 
urements compare the thermal signature of one component to that of an identical (or 
at least similar) under the same (or at least similar) operating conditions. The object 
(or anomaly) is identified by the intensity variations between the two similar objects 
without assigning temperature values. This technique is easy and does not usually 
require any adjustment to the thermal imaging system to compensate for atmospheric 
conditions or surface emissivity (discussed in Chapter 12, Temperature Measurements). 
Qualitative measurements are appropriate for surveillance (detection of intruders, illegal 
border crossing, and endangered animal location), location of buried objects, roof 
inspections, and building inspections. 


Quantitative measurements provide the true temperature of the object. 
Accurate values are required for condition monitoring. The condition of a 
component (as determined by its true temperature or temperature increase above 
ambient) is compared to a baseline (e.g., a predetermined value). If the temperature 
is above the baseline, then a course of action is taken (e.g., Table 1-1). 


The maintenance industry! generally uses preventive maintenance to mean 
planned activities to maintain equipment to assure that the design life of equipment 
can be achieved. Predictive maintenance is the periodic testing and monitoring of 
equipment. That is, the results of the tests (predictive maintenance) determine 
when preventive maintenance should take place. 
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1.1. HEAT 


Heat is the transfer of energy from one object to another. We monitor 
this transfer by measuring the temperature of the object. Heat flows from a hot 
object to a cool object. After a period of time, they eventually reach a common 
temperature called thermal equilibrium. Once heat is lost, it can never be recovered. 
It must be replaced. 


On earth, the sun constantly replenishes the heat. Without the sun, the 
surface of the earth will eventually cool to the temperature of space — which is 
near absolute zero. The rate of heating and cooling depends upon the insulating 
properties of the atmosphere and cloud cover. The insulating effects of these two 
tend to minimize surface temperature variations and this permits life to exist. 


Heat is created when the internal energy of a body is released. We 
harnessed the heat to perform mechanical work (Figure 1-1). For example, burning 
fossil fuel creates most electricity. The “internal” energy of the gas, oil, or coal is 
released upon combustion. The heat is used to create steam, which in turn, makes 
a generator rotate. 


Within an automobile engine, combustion creates a heated gas that pushes 
the cylinders. The crankshaft converts this linear motion into circular motion to 
propel the car. But no process is 100% efficient. Some heat is lost. A significant 
amount of heat is lost through the cooling radiator and exhaust (Figure 1-2). 


INTERNAL HEAT MECHANICAL 
ENERGY | ^ — — ——*| ENERGY 


Figure 1-1. Heat provides the transfer of energy from one system 
to another. 


WASTED 
HEAT 


USABLE 


COMBUSTION HEAT 


Figure 1-2. All processes lose heat. 


4 Common sense approach to thermal imaging 


The car's forward motion is limited by friction — friction caused by the 
air, tires, and gear train. This friction heats the air, tires, and gears. If it were not 
for this friction, then we would have a perpetual motion machine. Energy must be 
continually supplied to overcome the loss to friction (Figure 1-3). By applying 
the brakes, the car stops. Here, the useful mechanical energy is transformed into 
heat and the brakes dissipate the heat. 


WASTED FRICTIONAL 
HEAT HEAT 


USABLE 
MECHANICAL 
ENERGY 


MECHANICAL 


COMBUSTION ENERGY 


USABLE 
HEAT 


Figure 1-3. Friction always creates heat. As the frictional losses 
are reduced, the fuel consumption goes down. Economy cars (in 
terms of miles per gallon) have an aerodynamic design and are 
lightweight. The lower weight reduces frictional loss in bearings 
and tires. 


1.2. TEMPERATURE MEASURING DEVICES 


Heat is an intangible energy. Its presence is monitored by the temperature 
of an object. Temperature measuring devices may either be contact or non-contact 
devices. Contact devices rely upon heat conduction and convection. Non-contact 
devices rely upon the radiation emitted by the object. 


Contact devices generally are inexpensive whereas non-contact (notably 
the thermal imaging system) can be quite expensive. The selection of one over 
the other depends upon the application. When measuring the temperature with 
contact devices, data is obtained only at those regions where the devices are placed. 
Table 1-2 lists those applications where a thermal imaging system is an appropriate 
measuring device. 
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Table 1-2 
THERMAL IMAGING SYSTEM APPLICATIONS 


Object is inaccessible Distant power lines 


Object is moving Motor shaft or brake rotor 


Dangerous to place contact on 
electrically “hot” equipment 


Contact method may damage object Delicate materials 


Safety is an issue 


Harsh environment that would 
Inside a furnace 
destroy a contact device 
Object is so small that it would be Component on a 
difficult to attach a contact device printed circuit board 
Two-dimensional temperature 
distribution required 


Determine defect size 


1.2.1. CONTACT DEVICES 


A thermometer contains a material that changes its physical characteristics 
as its temperature changes. It could be the change in the length of a rod, the volume of 
a liquid, or the electrical resistance of a wire. 


LIQUID-IN-GLASS THERMOMETER 


The common liquid-in-glass thermometer contains a liquid that expands as 
it heats up. The liquid could be colored alcohol or mercury. As illustrated in 
Figure 1-4, the expanding liquid moves up a narrow bore. 


When a thermometer is placed inside an object, heat flows from the object 
(if warmer) to the thermometer. The temperature recorded is that of the 
thermometer. If it in thermal equilibrium with the object, then the measured 
temperature is the same as the object. Ideally, the thermal mass of the 
thermometer is much less that of the object. Then as the thermometer heats 
up, the amount of heat transferred is very small, and then the temperature of 
the object is not significantly affected. Simply stated, it is difficult to accurately 
measure the temperature of small objects with a liquid-in-glass thermometer. 
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COLD HOT 


Figure 1-4. Liquid-in-glass thermometer. As the reservoir heats up, 
the expanding liquid moves up the narrow bore. The calibration 
marks on the bore represent temperature. 


RESISTANCE THERMOMETER 


The resistance thermometer consists of a material whose resistance 
increases as the temperature increases. An external circuit (Figure 1-5) 
measures the resistance change. Platinum is used most often to create 
the PRT (platinum resistance thermometer). Platinum has excellent 
mechanical and electrical properties from --270°C to 700°C (-450°F to 
1300?F). This thermometer can be immersed in non-reactive liquids. To 
ensure accurate measurements of solids, a heat conducting grease (thermal 
grease) is used to ensure good thermal contact. 


TEMPERATURE EET 
DEPENDENT = EDURCE 
RESISTANCE 


Figure 1-5. Resistance thermometer. An external circuit measures 
the change in current [(current = (voltage)/(resistance)]. The analog 
meter (shown here) has marks that represent temperature. Usually 
a digital meter is used. 
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THERMOCOUPLE 


A thermocouple is composed of two dissimilar metals that create an 
electromotive force (EMF). As illustrated in Figure 1-6, the EMF is usually 
measured with a voltmeter. To avoid creating an EMF at the input to the 
voltmeter, two thermocouples are used. The reference is held at a well-known 
temperature (e.g., an ice-water bath). It is one of the cheapest methods to 
measure temperature. The thermocouple can be immersed in non-reactive 
liquids. To ensure accurate measurements of solids, a heat conducting grease 
(thermal grease) is used to ensure good thermal contact. 


COPPER 


COPPER CONSTANTAN CONSTANTAN 


REFERENCE MATERIAL AT 
JUNCTION TEMPERATURE T 


Figure 1-6. Copper-constantan thermocouple. A variety of dissimilar 
materials may be used. The small differential EMF is monitored 
by a voltmeter. The analog meter (shown here) has marks that 
represent temperature. Usually a digital meter is used. 


1.2.2. NON-CONTACT DEVICES 


Non-contact devices may be used for quantitative or qualitative 
measurements. The most popular devices are the pyroelectric detector, optical 
pyrometer, and the thermal imaging system. 


MOTION SENSOR 


Motion sensors are used as a qualitative method to locate individuals. Most 
sensors contain very low cost pyroelectric detectors. This detector senses 
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temperature changes only. The sensor output is simply a voltage that activates 
an alarm. It indicates that a warm object (assumed to be an intruder) has 
moved within the field-of-view. It is carefully adjusted to prevent false alarms 
created by pets. Since the pyroelectric detector only measures temperature 
changes, very slowly moving objects will not be detected. 


OPTICAL PYROMETER 


The optical pyrometer consists of a calibrated lamp whose filament voltage 
is adjustable. As the voltage changes, the filament brightness (color) changes. 
The filament brightness is simply matched to the target brightness (Figure 
1-7). Since colors are matched in the visible part of the spectrum, the object 
must be heated to incandescence (greater than 600K or greater than 620°F). 
Optical pyrometers can measure temperatures up to 10,000K (17,500°F). 
These high temperatures could melt contact devices. 


HOT 
OBJECT 


OBSERVER 
vc MATCHES 
INTENSITIES 


HEATED 
ELEMENT 


ADJUSTABLE 
VOLTAGE 


Figure 1-7. Optical pyrometer. The filament current is measured 
with an ammeter. The analog meter (shown here) has marks that 
represent temperature. 


THERMAL IMAGING SYSTEM 


The thermal imaging system (Figure 1-8) creates an electronic picture of 
the scene. The picture may be converted to color (pseudo color or false 
color) where reds indicate hot areas and blues represent cool objects. 
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When presented in black-and-white, the brightness (more white) indicates 
hotter objects. When the electronic picture is printed, it becomes a 
thermogram. A thermogram is simply a map of thermal energy where 
shades of gray or colors represent different levels of radiant energy. Many 
of the original images in this book were in color. The conversion back to 
black-and-white does not provide the original gray scale. 


VISIBLE 


SCENE WITH IMAGE 


TEMPERATURE 
GRADIENTS 


THERMAL 
IMAGING 
SYSTEM 


Figure 1-8. Thermal imaging system. A variety of detectors can be 
used in the thermal imaging system (discussed in Section 6.5, 
Detectors and Coolers). Each has its own advantages and 
disadvantages. All convert an infrared scene into a visible image. 


1.3. TEMPERATURE SCALES 


Both contact and non-contact devices are calibrated by recording the 
output at known temperatures. The two most common temperatures are the freezing 
point and boiling point of water. These two points are scribed onto the thermometer 
(Figure 1-9). Then the space between these marks is uniformly divided by more 
scribe marks. 


10 Common sense approach to thermal imaging 


ICEWATER BOILING CALIBRATED 
WATER THERMOMETER 


Figure 1-9. Calibrating a liquid-in-glass thermometer (Celsius scale). 


Four temperature scales exist: Fahrenheit, Celsius (originally called 
centigrade), Kelvin, and Rankine. Both the Fahrenheit and Celsius scales are referenced 
to the freezing and boiling of water. The Kelvin and Rankine scales use absolute zero 
as their zero point (Table 1-3). Absolute zero is that temperature where all molecular 
motion stops. It is the lowest theoretically possible temperature. The symbols are ?F, 
°C, K, °R for Fahrenheit, Celsius, Kelvin, and Rankine, respectively. Note that on the 
Kelvin scale, the units are Kelvin and not degrees Kelvin. 


Table 1-3 
TEMPERATURE SCALES 


iion Celsius | Fahrenheit | Rankine 
°C oF oR 
| Absolute zero | Absolutezero | -273.15 -459.7 0 
49] 


Freezing point of water Mu 15 0 | 32 | 497 | 
Boiling point of water 373.15 100 671.7 


The mathematical relationships between these scales are 


FEAHRENHEIT = s (CELSIUS 432 , (1-1) 


5 
7 CELSIUS — 9 ( TÀAHRENHELT -32 ) , (1 -2) 
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Terrin = Tegrsmug + 21315. , (1-3) 
Teersius = Txervin - 27385. , (1-4) 
ToaANKINE = TrAunENHEIT + 459-7. , (1-5) 
and 
T FAHRENHEIT = T, rankine 459.7 . (1-6) 


Temperature difference is relative to a baseline. For example, many devices are rated 
by the temperature rise above ambient rather than the absolute temperature. This rise 
is labeled as AT (pronounced delta T and is sometimes shortened to delta): 


9 
ATE AHRENHEIT = 5 ATerisius c (1-7) 
5 
AT CELSIUS 7 9 AT, FAHRENHEIT > (1-8) 
AT gervin = AT CELSIUS > (1-9) 
and 
AT awxineé = AT EAHRENHEIT > (1-10) 


Appendix A contains an easy look-up table for conversion between Fahrenheit and 
Celsius. 


1.4. THE ELECTROMAGNETIC SPECTRUM 


Non-contact devices detect electromagnetic radiation (discussed in Chapter 
3, Detection of radiation). Radiation is characterized by its wavelength. Wavelength 
is defined as the distance between two peaks (Figure 1-10). Speed is the movement of 
the peaks. Electromagnetic energy travels at the speed on light. In a vacuum this is 
approximately 3x10? m/s. Since the wave is moving, the distance between the peaks 
can also be measured in time and the inverse is the frequency (measured in Hertz). 
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The wavelength is 


Aet - (1-11) 
V 


where c is the speed of light, T is the period, and vis the frequency. Shorter wave- 
length light has a higher frequency. A wavelength is usually measured in micro- 
meters (also called microns) and is represented by the symbol jum. It is one- 
millionth (1/1,000,000) of a meter. For the longwave infrared region, the average 
wavelength is A= 10 um and the frequency is 3x10” Hz. For the mid-wave infrared 
region, the average wavelength is A= 5 um resulting in a frequency of 6x10" Hz. 
For the visible region, average wavelength is A = 0.5 um resulting in a frequency 
of 6x10'* Hz. These frequencies cannot be measured directly. As a result, we 
measure the average power (averaged over many cycles). 


EL —À 


movement 


Figure 1-10. Definition of wavelength and period. At time T, the 
wave moved the distance of one wavelength. 


In 1905, Einstein postulated that light is composed of particles of energy. 
The energy associated with each particle is 


B= hv= he (1-12) 


where h is Planck's constant (A = 6.626x107* J-s). These particles were later called 
photons (Figure 1-11). 


Introduction 13 


Figure 1-11. Photons are considered particles. Radiation exhibits 
both wave-like properties and particle-like properties. 


Due to the atmospheric spectral transmittance, electronic imaging system 
design is partitioned into seven generic spectral regions (Figure 1-12) of which four 
are associated with thermal imaging systems. The ultraviolet (UV) region ranges in 
wavelength from 0.2 to 0.4 um. The visible spectral region ranges in wavelength 
from 0.4 to 0.7 um. Televisions, electronic still cameras, and most solid state cameras” 
operate in this region. The near infrared imaging spectral region (NIR) spans 
approximately 0.7 to 1.1 um. Low light level television (LLLTV), image intensifiers, 
star light scopes, and night vision goggles operate in this region. For historical reasons, 
the UV, visible, and NIR technologies have developed their own terminologies. 


tr 
Er) - VERY 
o @ X SHORTWAVE MID WAVE LONGWAVE LONGWAVE 
ve ul 
5) > i zie ——— /UÀ 0 


1.00r | 


0.75 


TRANSMITTANCE 
o 
oi 
o 


0 0.5 1.0 1.5 2.0 3.0 4.0 5.0 6.0 80 10.0 12.0 14.0 
WAVELENGTH (um) 


Figure 1-12. Representative atmospheric transmittance over a 
1-km path length. The transmittance varies with temperature, 
relative humidity, and airborne particulates (e.g., fog, dust, pollution, 
and haze). 


* Solid state cameras are popularly called CCD cameras because most contain 
charge-coupled device detector arrays. 


14 Common sense approach to thermal imaging 


For this book, the first infrared imaging band is the short wavelength infrared 
imaging band (SWIR) which approximately covers 1.1 to 2.5 um. The second infrared 
band is the mid-wavelength infrared (MWIR) spectral region that covers approximately 
2.5 to 7.0 um. In older literature, the MWIR band was labeled as SWIR, The third 
infrared band is the long wavelength infrared (LWIR) spectral band. It covers the 
spectral region from approximately 7 to 15 um. The fourth infrared band is the far 
infrared (FIR) or very long wave infrared (VLWIR) region. It applies to all systems 
whose spectral response extends past 15 um. The MWIR and LWIR regions are 
sometimes called the first and second thermal imaging bands respectively. 


The word infrared has a different definition that depends upon the technology. 
For example, film was invented to reproduce visible images. If the film is sensitive to 
longer wavelengths, it is called infrared film. Infrared film is sensitive out to about 
0.85 um. Imaging systems were also created to reproduce visible images. If the spectral 
response was past 0.7 um, it was called an infrared device. Most of these systems 
used photosensitive detectors whose spectral response went to about 1 um. A variety 
of labels were attached to these devices. This includes thermal imaging systems, snooper 
scopes, and night vision devices. 


Table 1-4 lists the wavelengths associated with specific systems. The precise 
spectral response for any system depends upon the design. To say a system is a LWIR 
system only means its response is somewhere in the LWIR region. For example, a 
LWIR system may have a spectral response from 7.7 to 11 um or 8 to 12 um. The 
atmospheric carbon dioxide (CO,) absorption band will completely attenuate all target 
information at 4.2 um. As a result, a MWIR system may have a spectral response 
from 3 to 4.2 or 4.3 to 5.5 um. 


Introduction 15 


Table 1-4 
SPECTRAL NOMENCLATURE 


Spectral band Wavelength range (um) 
0.05 to 0.20 
Short ultraviolet (UV-C 0.20 to 0.29 


Mid-wave ultraviolet (UV-B) 0.29 to 0.32 
0.32 to 0.40 


Visible 0.40 to 0.70 
Violet 0.40 to 0.46 
Blue 0.46 to 0.49 
Green 0.49 to 0.55 
Yellow 0.55 to 0.58 
Orange 0.58 to 0.60 
Red 0.60 to 0.70 


Near infrared (NIR) 0.7 to 1.1 
Short wavelength infrared (SWIR) 1.1 to 2.5 


Mid-wavelength infrared (MWIR) 2.5 to 7.0 
Note: labeled as SWIR in older literature 
First thermal imaging band 


3.0 to 5.5 


Blue spike plume 4.1 to 4.3 
Red spike plume 4.3 to 4.6 
Second thermal imaging band 8 to 14 
Very long wavelength infrared (VL WIR) > 15.0 
Extreme infrared 15 to 100 
Near millimeter 100 to 1000 


Millimeter 1000 to 10,000 


1.5. BRIEF HISTORY OF THERMOGRAPHY 


As with most technologies, thermal imaging systems are based on phenomena 
discovered nearly 200 years ago. In 1800, William Herschel discovered infrared rays. 
Later, John Herschel (1840) produced the first infrared image using a method that he 
called evaporography. By evaporating alcohol from a carbon-coated surface, a visible 
image was produced. This was the first thermogram. It took another 89 years (1929) 
before Czerny provided an improvement to image creation. 


In 1946, the military developed the first infrared line scanner. By putting 
many lines together, a two-dimensional image was created. A thermogram took one 
hour to produce. By adding a scanner (1954), the system could directly create a two- 
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dimensional image. Even with this improvement, it still took 45 minutes to create an 
image. By 1960, image-creation time was reduced to 5 minutes. 


In 1966, the first commercial real-time imager, producing 20 images per 
second, was introduced. 1966 could be considered the year that thermal imaging 
systems, as we know them today, were created. Rapid advances in technology, 
spurred on by expanding applications, occurred in the ‘70s, *80s, and ‘90s. Perhaps 
the greatest advances in system design occurred in the ‘90s: The introduction of 
high-resolution focal plane arrays (FPAs) and uncooled FPAs. Imaging systems 
can now produce hundreds of images per second and high-speed electronics provide 
real-time image processing. The imaging systein of tomorrow is limited only by 
man's imagination. 


1.6. SYSTEM DEVELOPMENT 


This section provides a very brief overview of system development. 
Chapter 6, Camera Design, provides more detail. 


The very first system was a line scanner. The militarized system was 
mounted on an aircraft and looked straight down. A scanner moved the line-of- 
sight perpendicular to the aircraft motion. Onlv a single detector was used. The 
two dimensional image was created by the aircraft forward motion. 


In the late 1960s, Texas Instruments designed a system that could look at 
other angles: namely forward. It had two moving mirrors to create a raster pattern. 
This was called a Forward Looking Infrared system or FLIR. The acronym still 
exists today even though no system is built like the initial FLIR. This design was 
the start of the common module design. This LWIR system used mercury- 
cadmium-telluride (HgCdTe) detectors. MWIR systems were introduced using 
lead tin telluride (PbSnTe) and indium antimonide (InSb) detectors. InSb is used 
extensively today whereas PbSnTe experienced technological problems and has 
fallen out of favor. 


Only one person could view the image produced by the early common 
module systems. In mid 1975, the electro-optically multiplexed (EOMUX) system 
was developed. This allowed the image to be routed to a monitor for multiple 
viewers to appreciate. The electronically multiplexed (EMUX) system, developed 
in the early 1980s, improved reliability and overcame some image defects. It was 
very clear to all that a focal plane array had numerous advantages over a scanning 
system. However, technology in the '70s limited FPA development. To bridge the 
gap between linear arrays and staring arrays, the time-delay-and-integrate (TDI) 
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array way developed. It had an improved signal-to-noise ratio but still required a 
scanner. Dr. Tom Elliott introduced a HgCdTe filament detector that has an inherent 
TDI capability in the United Kingdom. Originally called TED (Tom Elliott’s 
device), it is now known as the SPRITE (signal processing in the element) detector. 
EMUX, SPRITE and TDI systems are still manufactured today. 


The 1980s saw the introduction of the MWIR platinum silicide (Pt:Si) 
and quantum well infrared photodetectors (QWIP). Then in the 1990s uncooled 
arrays became commercially viable. Since no cooler is required, power 
consumption dropped significantly leading to small, hand-held systems. High- 
speed digital electronics permitted image storage on credit-card-sized memory 
disks. This revolutionized the commercialization of thermal imaging systems. 


The early commercial versions were derivative of military designs. Today, 
with the wide range of applications, military and commercial designs are different 
(Table 1-5). The table also lists the chapters were the topics are discussed in detail. 


Table 1-5 
DIFFERENCES in DESIGN REQUIREMENTS 


areas 


Application specific Chapter 6, 
(e.g., target detection Menu-driven Camera Design 
or automatic target multiple options Chapter 8, 
recognition) Camera Selection 


Image 
processing 
algorithms 


Typically not an issue 
because the image can 
be magnified by 
moving closer 


Target Usually just Usually high Chapter 11, 
signature perceptible contrast target Target Signatures 


Noise not necessarily Chapter 7, 
a dominant design Performance 
factor Parameters 


High resolution Chapter 7, 
Performance 


Parameters 


Resolution| (resolve targets at 
long distances) 


Low noise (1.e., 


Sensitivity high sensitivity) 
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1.7. APPLICATIONS OVERVIEW 


In 1969, Hudson? listed over 100 separate applications for thermal 
imaging systems. He divided the list into four major categories: military, industrial, 
medical and scientific. Each category was then subdivided into (1) search, track 
and range, (2) radiometry, (3) spectroradiometry. (4) thermal imaging, (5) reflected 
flux, and (6) cooperative source. The list is surprisingly complete. Today, two 
broad categories are in use: military and commercial. Table 1-6 highlights a few 
applications in each category. Military and commercial systems are similar in 
basic design, but each system is built for a specific purpose. Consequently, military 
and commercial systems tend to be described by different performance parameters. 


Table 1-6 
REPRESENTATIVE THERMAL IMAGING SYSTEM APPLICATIONS 


Applications 


" Reconnaissance, target acquisition 
Military 8 q : 


fire control, and navigation 
Civil 
i 
Commercial 
Industrial 


With so many commercial applications, various terminologies appeared. 
Nondestructive testing (NDT), nondestructive inspection (NDI) and nondestructive 
evaluation (NDE) are names to describe methods of testing without causing damage 
to the object being tested (discussed in Chapter 19, Nondestructive testing). These 
terms all mean much the same and attempts to assign different meanings has not 
been fully accepted. In 1996, Vavilov’ offered the following definitions: 


Law enforcement, firefighting, 
and building integrity 


Earth resources, pollution control, 
and energy conservation 


Predictive maintenance, manufacturing, 
and nondestructive testing 


Mammography, soft tissue injury, 
and arterial constriction 


THERMOGRAPHY 
Method of determining the spatial distribution of heat in objects. 
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NONDESTRUCTIVE TESTING 
Material inspection by monitoring heat flux disturbances caused by 
defects. Generally, the object is at ambient temperature. Therefore, heat 
must be supplied to the object by an external source. 


THERMAL WAVE NONDESTRUCTIVE TESTING 
Nondestructive testing where heat is applied in a periodic fashion. 


Since 1976, SPIE has hosted the internationally acclaimed conference 
Thermosense. This conference concentrates on the civil and industrial applications. 
Selected papers appear in Thermal Sensing and Imaging and its Table of Contents 
are provided in Appendix C. Papers on other topics appear in /nfrared Technology? 
and Infrared Imaging Systems: Design, Analysis, Modeling, and Testing.® 


1.8. UNITS 


Each equation must be dimensionally correct. That is, each quantity must 
have the correct units before using an equation to calculate a value. The scientific 
community uses SI (Systeme International d'Unites) units. It is also known as the 
mks (meter-kilogram-second) system. Numerous attempts have been made to get 
worldwide acceptance of these units. Unfortunately, some nations and industries 
still use the English system. 


To facilitate understanding, both sets of units are provided when appropriate 
(Table 1-7). Since thermal imaging systems are calibrated in temperature both degrees 
Celsius (°C) and degrees Fahrenheit (°F) are given throughout. Chapter 3, Detection 
of radiation, is a “scientific” chapter and exclusively uses SI units. While Chapter 2, 
Heat, has scientific underpinnings, the values are used by various industries and therefor 
both units are used. Section 2.5 provides numerous conversion factors. 


Table 1-7 
SI and ENGLISH UNITS 


pounds 
feat (or miles) 


m/s (or kph) ft/s (or mph or knots) 
kW (or kcal/hr) BTU/hr 
NUES F 
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A word of caution. The conversion from English to SI units is exact. But 
the meaning is sometimes distorted. For example, a distance may be about 35 
feet. A precise conversion provides 10.67 meters. The use of four significant figures 
suggests something about accuracy. A better statement is that 35 feet is about 10 
meters. In this chapter it was stated: Optical pyrometers can measure temperatures 
up to 10,000K (17,500°F). The temperature, 17,500°F, is an approximate value. A 
precise conversion would provide 17,540.33?F. The value, 17,500°F, provides an 
equivalent estimate on the Fahrenheit scale. Exact conversions are not always 
required. 
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HEAT 


Heat is the transfer of energy from one object to another. It travels from a hot 
object to a cool object. This energy comes from the internal molecular vibrational 
energy of the hot object. The object’s temperature is a direct measure of the internal 
vibrational energy. The greater the internal energy, in general, the higher the 
temperature. 


We commonly misuse use the word heat. It is incorrect to say an object 
contains heat. While we set the oven heat at 350°F, we are really setting the temperature. 
Likewise, if a room is cold, we turn on the heat. We are, in fact, transferring heat from 
a source (the furnace) to a room. We control the heat by a thermostat that actually 
controls the temperature. 


Our body can sense temperature changes. Whether something feels hot or 
cold depends upon our environment. For example if we were outside when the 
temperature is 20°F (-6.7°C) and enter a room that is 65°F (18.3°C), the room would 
feel warm. On the other hand, if it were 100?F (37.8°C) outside and we entered that 
same room, it would appear cold. Regardless of the outside temperature, after a while 
we will become acclimated to the room temperature. Whether it feels hot or cold now 
depends upon our clothing and amount of activity. It also depends upon our long-term 
conditioning. People from the arctic would always think that the room is quite warm 
whereas those from the desert would think it was excessively cold. When we touch 
objects and heat flows into the hand, the object feels hot. If heat flow is from our hand 
into the object, the object feels cold. Nerves respond to the arrival or departure of 
heat. The brain's interpretation of the nerve impulses identifies the object as hot or 
cold. 


Heat is an intangible thing. We cannot directly measure heat. We can only 
measure the effects of heat: namely by a temperature change. The amount of heat 
necessary to change the temperature of'an object depends on the object's heat capacity. 


The three common units of heat are the gram-calorie (cal or g-cal), kilogram- 
calorie (kcal or kg-cal), and the British thermal unit (BTU). One kilogram-calorie is 
the quantity of heat that must be supplied to one kilogram of water to raise its 
temperature one degree Celsius. Likewise, the calorie is the quantity of heat that must 
be supplied to one gram of water to raise its temperature one degree Celsius (1 kcal = 
1000 cal). The BTU has the same meaning but in English units: one BTU is the 
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quantity of heat that must be supplied to one pound of water to raise its temperature 
one Fahrenheit degree (Figure 2-1). 


The gram-calorie should not be confused with the nutritionist's definition 
of Calorie. The energy in food is specified by the Calorie. That Calorie is equal to 
our kilogram-calorie. The mechanical equivalent of heat equates one kcal to 4186 
joules (J) of energy (conversion is 4186 J/kcal). The SI unit of heat is the joule. 
Other units are used are various industries. Additional conversion factors are 
provided in section 2.5. 


Heat transfer can be by conduction, convection, or radiation. Since we 
measure the temperature, we must understand the relationship between temperature 
and heat flow. The temperature of the object depends upon the physical properties 
of the material. These include the heat capacity and specific heat. These quantities 
vary with the material phase (solid, liquid, or gas). 


Because heat transfer and resultant temperature is based upon several inter- 
related factors, it is difficult to predict the influence of each component. This chapter 
highlights the major heat transfer mechanisms that form the basis for understanding 
the final temperature of an object. 


1 KILOGRAM 
CALORIE 


Figure 2-1. Definition of kilogram-calorie and BTU. One BTU 
equals 0.252 kcal. 
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2.1. HEAT CAPACITY AND SPECIFIC HEAT CAPACITY 


Materials differ in the quantity of heat required to produce an elevation of 
temperature. This heat quantity is related to the heat capacity by 


[^ 


heat capacity = 237 
2741 


, (2-1) 


where Q is the quantity of heat supplied and T, -7, is the temperature increase. The 
specific heat capacity (often simply called the specific heat) is defined as the heat 
capacity per unit mass: 


P heat capacity _ Q (2-2) 
mass m (7; E 7) 
The specific heat capacity is the amount of heat that must be supplied to 
a unit mass of material to increase its temperature through one degree. The value, 
c, is unique to each material (Table 2-1). The amount of heat that must be supplied 
to raise the temperature from T, to T, is 


Q= PIA — 7) : (2-3) 


High specific heat objects (high c) require more heat than objects with a 
lower specific heat. For example, one kilogram of aluminum requires more heat than 
one kilogram of silver to raise its temperature by one degree. Equivalently, materials 
with high heat capacity can store large amounts of heat energy. If warmer than ambient, 
these materials will take a relatively long time to cool. Outside, the temperature of 
water will lag changing air temperature. Large bodies of water create a local 
microclimate where the temperature does not fluctuate as much as over dry land. 


The term “heat capacity" should not be confused with the “capacity” of 
a bucket. A bucket can hold only so much water and no more. Heat can be supplied 
indefinitely to a material (with a corresponding rise in temperature). Of course, if 
the material temperature rises significantly, the material may change phase (solid 
to liquid or liquid to vapor). The heat capacity of the new phase may be substantially 
different from the original phase. 
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Table 2-1 
SPECIFIC HEAT CAPACITY of 
SOME COMMON MATERIALS 
(Varies with composition and impurities) 


Specific heat capacity 
J/(kg-K) kcal/(kg-K)* 


Material 


Water 
Ice 
Wood 
Brick 5 
Aluminum 
Iron 
Brass 
Copper 
Silver 
Lead 


*The values in this column are the same in units of cal/(g-K) and 
BTU/(Ib-*F). Note that °C could be used as units. 


2.2. PHASE CHANGE 


Nearly all materials exhibit three phases: solid, liquid, and gas. A transition 
from one phase to another is accompanied by the absorption or liberation of heat 
(Table 2-2) and usually a change in volume. During the phase change, the temperature 
ofthe material remains constant. For example, the temperature of boiling water remains 
constant even though heat is continually added to create more vapor. 


The pressure plays a big role in determining the boiling temperature. At 
sea level water boils at 212°F (100°C). As the elevation increases, the pressure 
decreases. For every 500 feet of elevation, the boiling point drops about 0.9°F 
(0.5°C). In Denver (altitude = 5000 feet), water boils at about 203°F (95°C). Your 
car radiator is pressurized so that the boiling temperature increases to about 240°F 
(116°C). This higher temperature provides a safety margin to your cooling system. 
The engine can still be water-cooled as it reaches 240°F (116°C). 


Consider a pot full of ice that is placed upon a stove to which heat is 
constantly added. Initially, the ice temperature will increase (Figure 2-2). At 32°F 
(0°C), all the heat supplied will be used to convert the ice into water. Once in the 
liquid state, the temperature will again increase. At 212°F (100°C), the heat will 
be used to create vapor (steam). The temperature of the steam depends upon the 
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overall vessel. If open to the air, the steam will diffuse away and be absorbed by 
the air. This increases the relative humidity of the air. If the vessel is closed, the 
steam temperature can increase to produce super heated steam. This also increases 
the pressure and it increases the temperature at which the water boils. 


Table 2-2 
PHASE CHANGE 


Heat Quantity of 
transfer transformation 


Solid to liquid — | Requires heat Heat of fusion 


Liquid to gas Requires heat | — Heat of vaporization 
Gas to liquid zi Heat liberated Heat of condensation 
Liquid to solid Heat liberated | Heat of solidification 


fusion vaporization 


TEMPERATURE (°C) 
S 


TIME 


Figure 2-2. Temperature as a function of time as ice is converted into 
vapor. Since the specific heat capacity of ice is less than water, it will 
warm up faster. The heat of vaporization (539 kcal/kg) is greater than 
the heat of fusion is (79.7 kcal/kg). Therefore, the time to create steam 
is about 6.7 times longer than the time to create water. 


Evaporative cooling is widely used to reduce the temperature of a liquid 
or solid. The heat required for vaporization comes from the remaining liquid or 
the solid. Air-conditioners transfer heat from the inside to an outside unit. The 
outside unit must then expel the heat into the environment. Water towers are 
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sometimes used to cool the outside units. As water evaporates, the temperature of 
the unit decreases. However, the water must be constantly replenished. 


The identical process is used to keep drinking water cool in hot environments. 
The water is placed in a porous container. As the water seeps out, it evaporates and 
cools the water. It, of course, must be shielded from the sun. Each gram, as it evaporates, 
removes 539 cal of heat. The temperature drop is calculated from Equation 2-2. 
Evaporating surface water, whether from porous surfaces, dew, or rain, significantly 
affects the object's temperature (Figures 2-3 and 2-4). 


Figure 2-3. Wood porosity depends upon the grain structure. Wet 


wood dries (and cools) unevenly. (By courtesy of the Academy of 
Infrared Thermography). 


Heat 27 


Figure 2-4. The sweat glands on this fingertip become detectable 
due to evaporative cooling. (By courtesy of Indigo Systems). 


2.3. HEAT TRANSFER 


Heat travels by conduction, convection, and radiation. Each process is 
different, but the result is the same: heat travels from the hotter object to the cooler 
object. It is convenient to discuss the amount of heat transferred per unit time. 


2.3.1. CONDUCTION 


The conduction process is straightforward. The heat source directly 
excites atoms (increases their internal vibrations). These atoms collide with their 
neighbors and transfer some of the energy to the neighbor. The neighbors then 
collide it its neighbors and again pass on some energy. Thus, the energy of thermal 
motion is passed along from one atom to the next. How quickly if flows depends 
upon the material's thermal conductivity. Metals have high thermal conductivity 
and insulators have low thermal conductivity. 


If one end ofa metal rod is placed in a flame and the other end is held in the 
hand, the held part will become hotter and hotter. This occurs even though the handheld 
part is not in direct contact with the flame. The heat has reached the cooler end through 
conduction. On the other hand, if a same-sized ceramic rod is used, the held part will 
very slowly increase in temperature because of its poor thermal conductivity. 
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If the surfaces of an object are held at two different temperatures, there will 
be a temperature gradient within the object. The temperature decreases uniformly 
from the hot surface to the cold surface. The direction of heat flow is always from the 
point with higher temperature to the point with lower temperature. The heat flowing 
through a flat plate per unit time is 


g = Ai : (2-4) 


where k is the coefficient of thermal conductivity (or simply the thermal conductivity), 
A is the cross-sectional area, and L is the material thickness in the direction of the heat 
flow. In the older literature, the symbol A was used for the coefficient of thermal 
conductivity. Do not confuse this with our A, which is wavelength. 


Figure 2-5 illustrates heat conduction through a flat plate, rod, and cooling 
fin. The flat plate has a very large surface area and therefore heat flow is high. On the 
other hand, the fin has a very small edge area and heat conduction is very small (edge 
to edge) compared to a flat plate. A single cooling tin will not have a large temperature 
gradient compared to a flat plate of equal length. Clearly, a single fin is very inefficient 
for moving heat. Therefore thousands are often employed (e.g. car radiator). Heat 
flow through a rod depends upon its diameter. Thin wires do not transfer much heat. 


For continuous heat flow, heat must be continually added to the hot side (7,). 
Likewise, the cool side (T,) must be attached to a heat sink. Otherwise, the flat 
plate or rod will reach thermal equilibrium with the environment. That is, the 
both reach the same temperature. 


FLAT A ROD 
PLATE 
HEAT /2 A 
E T hL HEAT 
1 ~y : 
>| KEL 
A 
FIN T, HEAT 


T4 
I«-——L—» | 


Figure 2-5. The arrow indicates the direction of heat flow. The hot 
side is labeled as T, and the cool side as T. 
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The thermal conductivity is an inherent property of the material (Table 
2-3). If k is high, itis a good conductor of heat. If k is small, the material is a good 
insulator (does not conduct heat). A wooden building will exhibit fairly good 
insulation properties. On the other hand, stone structures transmit heat and therefore 
are very expensive to heat. To keep heating and air-conditioning bill to a minimum, 
it pays to use good thermal insulation. Scanning Table 2-3 suggests that air is an 
excellent insulator. In fact, most building insulation rely upon trapped air. Note 
that water has a relatively high thermal conductivity. Therefore, if the insulation 
gets wet, the thermal conductivity may increase 25-fold. 


Table 2-3 
REPRESENTATIVE THERMAL CONDUCTIVITIES 
of some COMMON MATERIALS 
(Values vary with composition and impurities) 


k 
kcal/(s-m-K) | W/(m-K) | BTU/(hr-ft-°F) 


Silver 0.097 234. 

Copper 0.092 ; 222. 

Aluminum 0.049 118. 
Brass "b 0.026 62.9 


Steel 0.012 E 29.0 


Granite 0.00089 ; 2.15 
Ice 0.00045 : 1.09 


Glass |. 0.00018 0.435 
Water xf. 0.00014 0.339 
Building brick | 0.00014 0.338 
Oak wood | 0.000043 0.105 
Pine wood 0.000033 0.08 
Rock wool 0.0000089 0.0215 
Air | 0.0000056 0.0135 


Styrofoam 0.000002 0.00483 
Vacuum “zero” “zero” 


Styrofoam, goose down, and wool contain very many small pockets of 
trapped air. We take advantage of the trapped air by placing hot liquids in Styrofoam 
cups, using goose down comforters, and dressing “in layers.” 


For good insulation, we want Q/t to be small. This requires a small k and 
a large thickness (L). Construction engineers rewrite Equation 2-4 as 
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LULA. (2-5) 


The ratio L/K is the thermal resistance. When Q, t, T,-T,, A, and L are expressed in 
BTU, hours, °F, feet’, and feet respectively, then L/K is the R-value. The R-value is 
convenient because it expresses both thermal conductivity and thickness as a single 
number: 


L,-T,\A 2 pp? 
R- pul Jf Aar- EF l (2-6) 


/ BTU 
£ 


The key to insulation is to use low Kk value material. As k decreases, we can use 
thinner insulation to obtain the same R-value. Table 2-4 provides the R-value for one- 
inch thickness materials. Commercially available products may not have the values 
listed in Table 2-4. Table 2-5 lists the R-value of two products used for residential 
insulation. Loose rock wool and fiberglass insulation are similar materials, so they 
both have approximately the same R-value per inch of insulation. Commercial 
Styrofoam insulation is clearly different than the Styrofoam listed in Table 2-4. The 
thermal resistance depends upon the cell size; nevertheless, trapped air provides good 
insulation. Figure 2-6 illustrates the effectiveness of a double-glazed window. Using 
the data in Table 2-4, a 1/4-inch thick glass has an R-value of 0.048. With a 1/2-inch 
air separation, double glazed windows increase the R-value to 4.04. A vacuum between 
the glass sheets would increase the R-value substantially. 


Table 2-4 
R-VALUE PER INCH of MATERIAL 
(Calculated from data in Table 2-3) 


Material R-value/inch 


Ic 


|. dee | 


e 


“infinite” 


Table 2-5 
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TYPICAL VALUES of RESIDENTIAL INSULATION 


Fiberglass 


Manufacturer 


Owens Corning 


Standard 
thickness 
(inches) 


Nominal 
R-value 


R-value/ 
inch 


Fiberglass 


Owens Corning 


Fiberglass 


Owens Corning 


Styrofoam 


Dow Chemical 


Styrofoam 


Dow Chemical 


Styrofoam 


Dow Chemical 


Styrofoam 


Ts2 __ 
INSIDE 
TEMPERATURE 
T2 


TEMPERATURE 


Dow Chemical 


Tei 


OUTSIDE 


TEMPERATURE 


Figure 2-6. Glass has a relatively high thermal conductivity and 
therefore acts a poor insulator. On the other hand, air has a low 
thermal conductivity. If the separation between the panes is small 
so that convective currents are small, the heat loss through the 
double set of glass will be small. The glass surface temperatures, 


T,, and T,,, depend upon both convective and conductive 


S1 


considerations. With an ideal insulator, they will be equal to T : 
and T,, respectively. 
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2.3.2. CONVECTION 


Convection is the transfer of heat from one place to another by the motion of 
a fluid (Figures 2-7 and 2-8). The hot-air furnace and hot-water heating system are 
examples. If the heated fluid is forced to move by a pump or blower, the process is 
called forced convection. Figure 2-9 shows convective currents within a pot of water. 


HC 


Figure 2-7. Conduction heats the air in the immediate vicinity of 
the hot object. Because hot air has a lower density, it will rise. This 
heated air is then replaced with cool air. This causes a constant 
motion until the heated object comes into equilibrium with the 
surroundings. The arrows indicate the direction of air movement. 


a HC 


Figure 2-8. Cool air has a higher density and then drops to the 
ground. The arrows indicate the direction of air movement. 


YN 


Figure 2-9. Heating water. Although convective currents are shown, 
conduction also occurs. 
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There is no simple equation for convective losses. An approximation provides 


Q-A A(T; ~ Z nier] , (2-7) 


where T, is the surface temperature and T, is the fluid temperature. The 
value, A, is an empirical factor that depends upon a variety of factors such as the 
surface orientation (horizontal or vertical), fluid used, fluid speed, and surface 
type (e.g., plate or pipe). The variable h is also called the convective heat-transfer 
coefficient. 


Air (indoors and outdoors), water (in cooling pipes) and oil (in transformers) 
are fluids that produce convective cooling. Forced cooling provides greater cooling 
(higher h) than static fluids. Outdoors, the wind creates forced convection. As the 
wind speed increases, its cooling effect increases. In cold climates, the weather bureau 
calls this cooling effect the wind-chill factor. Wind dramatically affects an object's 
temperature. This is further discussed in Section 11.3.3, Wind. 


Kaplan! provides a correction factor (Table 2-6) for a temperature differential 
as a function of wind speed for a large vertical plate. For example, if the measured AT 
is 10*C and the wind speed is 5 m/s, the estimated temperature without wind is 
AT=(2.06)(10°C) = 20.6°C. These factors are illustrated in Figure 2-10. The conversion 
is 1 m/s = 1.94 knots = 2.237 mph. 


It should be noted that nearly all heat transfer devices eventually rely on 
convection. This includes automobile radiators, fins on transformers, refrigerators, 
and air conditioners. 


Table 2-6 
CORRECTION FACTORS for a VERTICAL PLATE 
(From reference 1) 


Wind speed Correction 
knots | factor 
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Figure 2-10. Typical decrease in temperature differential as a 
function of wind speed. Without wind, the AT of the vertical plate 
is 50°C. Different shaped objects (e.g., power lines) will exhibit 
different wind dependencies. 


2.3.3. RADIATION 


All objects radiate heat. The amount of heat depends upon the object's 
temperature and surface condition. As the object's temperature increases, the 
theoretical maximum radiant energy also increases. 


While contact thermometers rely upon conduction, non-contact devices 
(e.g., optical pyrometers and thermal imaging systems) measure the radiation that 
appears to emanate from the object. Since radiation theory is so important in 
thermal imaging system operation, the following two chapters are dedicated to 
the subject. 


Heat transfer by radiation occurs at the speed of light whereas conduction 
and convection depend upon the specific material involved. Radiation takes place 
across a vacuum whereas conduction and convection cannot. This is apparent 
with the sun. Space is nearly a vacuum yet we can feel the sun's heat. Similarly, 
the sun's radiation can pass through a glass window and we can feel the heat 
independent of the actual air temperature. 


A thermos bottle (called a dewar in the laboratory) is an excellent example 
of a device that minimizes conductive, convective, and radiative losses. As illustrated 
in Figure 2-11, the thermos usually consists of a double-walled glass vessel. The 
space between the walls is evacuated to reduce both conduction and convective heat 
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transfer. The walls are silvered to reflect most ofthe radiant energy that would otherwise 
enter or leave the bottle. As a result, liquids will maintain their temperature for a very 
long time. 


SILVER 
SILVERED <7 COATING 
INSIDES 
GLASS 
HOT OR 
COLD EVACUATED 
LIQUID REGION 


Figure 2-11. A thermos bottle (dewar). 


2.4. HEAT SOURCES 


Some sources are easy to quantify. The solar spectrum, energy content 
of fossil fuels, and calibrated blackbodies have known outputs. Other sources can 
only be described in qualitative terms. The heat source injects heat into an object 
and this raises the object's temperature. The temperature distribution determines 
whether an object is "healthy." Specific temperature distributions are discussed 
in Chapters 10 through 20. 


2.4.1. SUN 


The sun provides heat to the earth on a diurnal basis. The amount of heat 
depends upon the cloud cover and atmospheric constituents. The temperature rise of 
an object depends upon absorption, conduction to surrounding objects, convection 
(significantly increases with wind speed), and reradiation. A thermal imaging system 
can sense the resultant temperature created by the sun. The thermal imaging system is 
used to locate defective roofing (Figure 2-12), buried objects, and virtually any outdoor 
object. 
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Figure 2-12. A nighttime image of a water-laden roof. The heat 
capacity of water is much higher than good roofing. As a result, the 
water-laden areas will remain warmer (shown in white). (By 
courtesy of the Academy of Infrared Thermography). 


2.4.2. COMBUSTION 


Controlled combustion is used for heating dwellings, creating power (fossil 
fuel power plants), and powering engines. Since we buy energy, power plants use 
fuels that have a high heat of combustion (Table 2-7). Car engines combust fossil fuel 
to create motion. Efficient operation requires a controlled engine temperature (Figure 
2-13). Proper cooling by the radiator prevents overheating that can lead to catastrophic 
results. Controlled heating makes our lives comfortable. Uncontrolled heating can be 
disastrous (Figure 2-14). 


Table 2-7 
APPROXIMATE HEATS OF COMBUSTION 
Depends upon composition and impurities 


Approximate heat of combustion 
BTU/ft 
Natural gas 1,000 - 2,500 
Coal [| 11,000 - 14,000 
Ethyl alcohol 14,000 
Fuel oil | 20,000 


*MJ = 10° J 
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Figure 2-13. Heat is a byproduct of combustion. The exhaust pipe 
of this motorcycle is very hot. The cooling fins keep the cylinder 
much cooler than the pipe (By courtesy of the Academy of Infrared 
Thermography). 


Figure 2-14. A forest fire. The heated smoke also radiates energy. 
(By courtesy of the Academy of Infrared Thermography). 
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2.4.3. CHEMICAL REACTION 


The human body creates heat through metabolic activity. This is the basic 
chemical reaction of life. Figure 2-15 illustrates the surface temperature of legs. 
Numerous chemical reactions are used by industries to create a wide variety of 
products. 


Figure 2-15. Human legs with varicose veins. The blood in the 
near-surface veins heats the surface more so than normal veins and 
arteries. Localized elevated temperatures are easier to discern when 
the person has been in a cool room for at least 20 minutes (By 
courtesy of the Academy of Infrared Thermography). 


2.4.4. NUCLEAR POWER PLANT 


In a nuclear power plant, the reaction creates the heat that produces steam. 
The steam turns the turbines that create electricity. Generally, too much heat is 
created and it must be dissipated to avoid melt down. A heat exchanger (forced 
convection) moves the heat from the reactor to cooling towers. Here evaporative 
cooling is used to move the heat into the atmosphere. Additional heat is removed 
by running cool water over a heat exchanger. A naturally occurring river typically 
supplies this water. This heats the river and changes the local ecosystem (Figure 
2-16). The temperature distribution indicates the physical extent of the ecosystem 
imbalance. 
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Figure 2-16. The effect of a leaking sluice gate. Heated discharge 
water (106°F), leaking through a sluice gate just to the right of the 
thermogram, is heating up the intake (cooling) water from 82°F to 
88*F. (By courtesy of Richard Wurzbach). 


2.4.5. ENERGY CONVERSION 
HEAT TO MECHANICAL 


The internal combustion engine converts heat into mechanical energy. With 
combustion, there is rapid expansion of gases accompanied with the release of 
heat. The hot gases force the cylinder to move (conversion of heat into mechanical 
energy) and are expelled (Figure 2-17). Excess heat is often removed from the 
engines by circulating water (forced convection). (See Figure 2-13 for an air- 
cooled engine). The hot water loses it heat to the atmosphere in the radiator — 
again by forced convection. The forward motion of the car and the fan creates 
this forced convection. Generally, the fan typically simulates forward motion of 
about 48 kph (30 mph). Above 48 kph, the fan looses its effectiveness. 
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Figure 2-17. All engines have hot exhaust gases. In a jet engine, 
the gases force a turbine to rotate. (By courtesy of the Academy of 
Infrared Thermography). 


FRICTIONAL HEAT 


Frictional heat converts mechanical energy into heat. Bearings, gear trains, air 
resistance, or brakes may create it. Figures 2-18 and 2-19 illustrate two disk 
brakes. Abnormal heating can lead to glazing of pads, reducing the rotor alloy 
strength, and boiling of the brake fluid. All these can lead to brake failure. 


GAS EXPANSION 


Expanding gases cool the orifice through which the gas is escaping. This 
technique (called the Joule-Thompson effect) is used to cool the detector in 
some thermal imaging systems. It can also be noted with handheld propane 
tanks such as those used for small blowtorches. If the torch is used for an 
extended period, the tank will become quite cool. 
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Figure 2-18. Brake rotor. With a warped rotor, the brake pads only 
come in contact with a small portion of the rotor. This provides 
very localized local heating (shown in white). The air vents are 
easily discerned. A reflective gold mirror, placed behind the rotor, 
provides an image of the backside (image on left). (By courtesy of 
Ralph Dinwiddie). 


Figure 2-19. Brake rotor. Rotors often have circular gouges caused 
by dirt and sand. The brake pads can only contact the high areas 
(shown in white). (By courtesy of Ralph Dinwiddie). 
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MECHANICAL TO HEAT 


No device is 100% efficient and heat is the usual byproduct of this inefficiency. 
As air is compressed, its temperature increases. This can be noted with mechanical 
compressors (Figure 2-20) and simple manually operated bicycle pumps. 


Figure 2-20. Heat created by a compressor. Large compressors have 
cooling fins to dissipate the heat. (By courtesy of the Academy of 
Infrared Thermography). 


DISSIPATION OF ELECTRICAL ENERGY 


Since all electrical circuits, transformers, and components have resistance, they 
dissipate power: 


P= PR watis , (2-8) 
where J is the current flowing through the resistance R. Using the mechanical 


equivalence of heat (one watt equals 2.39x10^ kcal/s) with Equation 2-2, 
provides the temperature rise after one second: 


2 
Apa recm 233940 E. (2-9) 
Wc mC 
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By knowing the heat capacity, mass, resistance, and current, the temperature 
increase can be calculated. This approach neglects all heat losses. The actual 
temperature will be much lower due to conduction, convection and radiation. 
Excessive heat buildup would indicate unexpected resistance. Excessive resistance 
may be due to poor connections (Figures 2-21 and 2-22), broken wires, or defective 
components. 


Figure 2-21. A closed circuit breaker box. A defective breaker, partially 
broken wire, or a poor connection is dissipating electrical energy. The 
wire on top is heated by conduction and cools by convection. As 
illustrated, the wire temperature decreases from the hot defective 
component to ambient temperature. The defective component, which 
cannot be seen since the box is closed, also heats the side of the box. 
This image was in pseudo colors. The conversion back to black-and- 
white does not provide the original gray scale. The dark band around 
the hot (white) area is an elevated temperature. (By courtesy of the 
Academy of Infrared Thermography). 


44 Common sense approach to thermal imaging 


Figure 2-22. High resistance electrical connection between three 
transformers located on a pole. This is representative of a defective 
crimp connection. The temperature of the defect is outside the 
dynamic range of the camera; it is saturated. (By courtesy of the 
Academy of Infrared Thermography). 


INDUCTION HEATING 


When an electric current flows through a conductor, it creates a magnetic field. If 
the conductor (wire) is wound into a coil with N loops, the magnetic field increases 
N-fold. If the magnetic field is changing, then a current can be created in nearby 
components. This current is called an induced current. This is precisely the 
mechanism by which a transformer works (Figure 2-23). The changing current 
in the primary coil creates a changing magnetic field in the iron core. This changing 
magnetic field induces a changing current in the secondary coil. 


ALTERNATING 
MAGNETIC FIELD 


PRIMARY SECONDARY 


—- IRON CORE 


Figure 2-23. Transformer. Although most transformers have iron 
cores, some may have air cores. Transformer operation requires a 
changing magnetic field (AC circuits only). 
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Any ferrous metal near the magnetic field will have an induced current. Since 
all metals have some resistance, they will heat up. In motors, where there are 
a large number of loops, magnetic fields can be quite large. With this 
knowledge, motors are appropriately designed to minimize heat buildup. If 
there is a short or open in one ofthe windings, the magnetic field distribution 
changes and then motor components can heat up significantly. 


2.4.6. MASS TRANSPORT 


Mass transport is not a direct source of heat. Rather, it is heat transported by 
the movement of hot air. It is typically seen when the heated interior air seeps though 
cracks in the building envelope. The heated air heats the outside of the structure. We 
see do not see the air leakage but the effect of the air leakage (mass transport) on the 
surface temperature (Figure 2-24). The magnitude of the temperature seen depends 
upon the nature and size of the leak, pressure differential, and temperature differential. 


Figure 2-24. Air infiltration. The cool outside air seeped though 
numerous cracks at the wall-ceiling joint. The cool surfaces appear 
black. Heating/cooling energy costs can increase substantially with 
building envelope leaks. (By courtesy of the Academy of Infrared 
Thermography). 


2.4.7. MAN-MADE 


Nondestructive testing analysis often requires the injection ofa known amount 
of heat (discussed in Chapter 19). A laser, xenon flash lamps, heat guns, or incandescent 
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lamps may supply this heat. Most of these sources can be well controlled and are 
easily characterized. 


Calibrated blackbodies are used for characterizing the performance 
parameters of thermal imaging systems (discussed in Chapter 7). These devices 
can be set to a precise temperature. The radiation emanating is estimated by 
Planck's blackbody radiation law (discussed in next chapter). 


2.5. USEFUL CONVERSIONS AND CONSTANTS 


Table 2-8 
CONVERSION FACTORS 


Convert Multiply 
To 

Kcal 2.389x10^ 

BTU 9.472x10^ 

BTU 3.968 

kcal/(kg-K 2.389x10^ 
cal/(g-K 

(c) BTU ((Ib-°F) 


Physics 


Heat 
(Q) 


Specific heat 


| 39.37 
Distance f 3.28 
(R) i 0.621 
0.54 
3.6 
1.94 
2.237 


3409 
Power 
(P) 859 
kcal/hr BTU/hr 3.969 


E W/(m-K BTU/(ft-hr-°F 0.5778 
Conductivity W/(m-K kcal/( m-s-K 2.389x10^ 
Ue kcal(s-m-K) |  BTU/(ft-hr-*F) 2419 

(f?-hr-°F)/BTU 5.678 

Thermal (R-value 

resistance (m’-K)/w (m?-s-K)/kcal 4186 
(L/K) (m?-s-K)/kcal (f2-hr-°F)/BTU 1.356x10? 

(R-value) 


Speed 
(v) 
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If you want to convert a quantity in the “to” column to a quantity in the “from” 
column, then you divide by the constant given. For example, to convert from kcal 
to joules divide by 2.389x10^. Equivalently, multiply by 1/2.389x10** = 4186. 


Note that 1 J = 1 w-s and 1000 cal = 1 kcal. Kelvin (K) is the SI unit of temperature. 
In many texts, it is replaced with degrees Celsius (°C). This does not change the 
conversion factors since all quantities are based on temperature change: if T,-7, = 
IK, then 7-7, = vC. 


CONSTANTS 
Heat of vaporization for water: 539 kcal/kg 
Heat of fusion for water: 79.7 kcal/kg 


2.6. REFERENCES 


1. H. Kaplan, Practical Applications on Infrared Thermal Sensing and Imaging Equipment, page 91, 
SPIE Press Vol. TT13, Bellingham WA (1993). 
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DETECTION OF RADIATION 


The term radiation refers to the continual emission of energy from a surface. 
Since thermal imaging systems are non-contact measuring devices, they sense the 
radiation that appears to emanate from the surface. The emitted energy depends upon 
the surface temperature and surface characteristics. The camera formula describes the 
amount of flux impinging upon a detector. By knowing the detector's spectral responsivity, 
the electrical signal is determined. The electrical signal is amplified to create a visible 
image. 


The Stefan-Boltzmann law describes the total maximum radiation that can 
be released from a surface. Since thermal imaging systems only respond to a small 
portion of the spectrum, it is necessary to introduce Planck's blackbody law. This 
chapter assumes that the target and its background are ideal blackbodies. Real 
materials are not ideal blackbodies. Their surface quality is described by their 
emissivities (described in the Chapter 4, Emissivitv). 


3.1. STEFAN-BOLTZMANN LAW 


Agitated atoms release their energy through a radiative process. The Stefan- 
Boltzmann law describes the total rate of emission per unit surface area: 


M=or -, (3-1) 


where T is the absolute temperature (measured in Kelvin) and the Stefan-Boltzmann 
constant, o, is 5.67x10** W/(m?-K^). As the energy is released, the temperature 
decreases. This process continues until the target reaches thermal equilibrium 
with its environment. At 300K (approximately 80°F) the total power is 459 W/m’. 
An object at 98.6°F (310K) with 2 m? of surface area would radiate 2.8 kW if the 
environmental temperature were absolute zero (OK). The human body (at 98.6°F 
with 2 m? of skin) cannot provide 2.8 kW. It only has to provide the difference 
between the local environment and 98.6°F. Since our bodies only have limited 
resources to provide heat, we wear additional clothing as the ambient temperature 
drops. The effects of the environment are further described in Chapter 4, Emissivity. 


48 


Detection of radiation 49 


3.1.1. GENERAL RESPONSE 
In its simplest form, the detector's output voltage is 


Vprrecror = ARM (3-2) 
or 


V EIECTOR = kR,oT* , (3-3) 


where K is a constant that depends upon the specific design and R, is the detector 
responsivity. Although k is used for thermal conductivity, the context is always clear 
when to use it as a constant. Sufficient electronic gain, G, is added to create the camera’s 
output. The complete camera formula is provided in Chapter 6, Camera Design. 


3.1.2. THE BACKGROUND 


The environment is also radiating power. When the target reaches the same 
temperature as the environment, no heat transfer occurs. At thermal equilibrium, both 
the target and the environment are radiating the same amount of power. Targets can be 
"seen" only when its emitted power, M, is different that the background power, M 5 
(Figure 3-1). 


Figure 3-1. M, must different from M, for target detection. 
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If a target is warmer than its background, the power difference is 


AM =Mr- Mpg (3-4) 
or 
4 4 
AM =0(7; -75) ; (3-5) 
where T, and T, are the target and background temperatures, respectively. While 
oT‘ can be large, AM can be quite small. A target can only be detected if the 
system has sufficient sensitivity to detect AM. 
Rather than specify the target by its absolute temperature, it is convenient 


to specify it by its target-background difference or AT (pronounced delta-T) where 
AT = T,- T, Replacing T, with T,+ AT provides: 


AM =o| ars Ant - zy | l (3-6) 
Expanding the bracketed term provides 
AM = o| AT, AT 67, AT? - AT,AT) + a7“ | (3-7) 
If AT is small, then we can neglect all terms except the first one: 


AM «40 TF AT . (3-8) 


Figure 3-2 illustrates AM as a function of T, for a target whose AT is one degree. 
Note that AM is proportional to the cube of 7,. When specifying a target by its 
AT, it is necessary to specify the background temperature. Although AT is fixed, 
AM depends upon where AT is defined (Figure 3-3 and Table 3-1). 


When viewing a target against a background, the differential detector 
voltage is 
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AM (Wim?) 
o 


275 300 325 350 375 


BACKGROUND TEMPERATURE (K) 
Figure 3-2. AM as a function of T,. The target AT is one degree. 
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10 


AM (W/m?) 
eo 
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BACKGROUND TEMPERATURE (K) 


Figure 3-3. AM as a function of T,. As the background temperature 
changes (fixed A7), AM changes. The differences in AM are shown 
for AT - 10K. 


Table 3-1 
AM for various background temperatures (AT = 10K) 
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32. PLANCK'S BLACKBODY LAW 


The spectral radiant exitance of an ideal blackbody can be described by 
Planck's blackbody radiation law: 


7 W 
— £/ 
M(A,T)= re mu z ; ium. n (3-10) 


where the first radiation constant, c,, is 3.7411x10* W-umt/m?, the second radiation 
constant, c, , is 1.4388x10* um-K, and A is the wavelength expressed in micrometers. 
The value M(A,7) is the power density at wavelength À. As the temperature increases, 
M(A,T) increases. The value T is also called the color temperature. Figure 3-4 illustrates 
Planck's spectral exitance in logarithmic coordinates. Each curve has a maximum at 
pray Wien's displacement law provides À,,,, — 2898/T um. Since a photodetector 
responds linearly to the available power, linear coordinates may provide an easier 
representation to interpret (Figure 3-5). 
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1E*06 
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Figure 3-4. Planck’s spectral exitance plotted in logarithmic 
coordinates for various absolute temperatures. The units of spectral 
radiant exitance are W/(m?-um). The light line is Wien's law. 
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Figure 3-5. Planck's spectral exitance plotted in linear coordinates 
for three different absolute temperatures. The units of the spectral 
radiant exitance are W/(m?^-um). 


Another feature of blackbody radiation is that the curves do not cross. If we 
monitor the light intensity of at a specific wavelength, then we can uniquely determine 
the temperature. This fact 1s used in optical pyrometers. 


As the temperature increases, the rate of emission increases very rapidly. 
At 300K, nearly all the radiation is in the infrared. When the temperature reaches 
approximately 600K, the target starts to glow (visibly discernible). We call this 
heated to incandescence. As the temperature increases even more, more visible 
light is present. Consider an incandescent lamp that is attached to a dimmer switch. 
When the switch is off, the light appears "off" to our eyes even though it is radiating 
at approximately 300K. Our eyes are not sensitive to infrared radiation. When the 
dimmer is set low, the bulb barely glows: It appears as a dull red. As the dimmer 
voltage is increased, the color changes to an orange and then a yellow. At higher 
voltages, the filament produces more blue and the light appears white (Figure 3-6). 


Since our eyes are photon detectors, the photon flux 1s plotted rather than 
the power. The photon flux is related to the power by A/hc, where h is Planck's 
constant (6.626x107^ J-s) and c is the speed of light (3x108 m/s). Although c is also 
used for the specific heat, the context always is clear when it means the speed of 
light. 
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Figure 3-6. Spectral output of an ideal incandescent bulb. A typical, 
fully powered, 100-watt incandescent bulb has a color temperature 
of 3000K. At low voltages, the bulb appears to be dull red (T = 
600K). At moderate voltages, the bulb is yellow (T = 1000K). Our 
eyes are sensitive to radiation whose wavelengths fall between 0.4 
and 0.7 um. The letters refer to violet, indigo, blue, green, yellow, 
orange, and red. 


Another example of changing color temperature exists when we heat a metal 
nail with a propane torch. Initially, the nail appears as a piece of metal even though it is 
radiating at 300K. The nail color is due to the reflection of room lights. Our ability to see 
the nail requires a different reflectivity between the nail and its background. The nail 
must be held with pliers, remembering that metal is a good conductor of heat. Since the 
propane torch reaches about 2200K, the nail can only be heated to 2200K. 


Referring to Planck's curves, we see that a 2200K -blackbody source does not 
have much blue and therefore, the heated portion will appear orange. Due to conduction, 
heat flows down the nail and into the pliers (the pliers get hot also). Since the pliers are 
relatively cool, a temperature gradient exists within the nail. Careful examination reveals 
achanging color temperature from orange to dull red as you view the nail portion within 
the flame down to the pliers. When the temperature drops to 600K, the nail no longer 
glows. Just because it is not glowing does not mean that you cannot get a nasty burn. 


When M(A,T) is summed over all wavelengths, the Stefan-Boltzmann law 
is obtained. Summing is written symbolically as an integral: 


M = [MT d. - or. (3-11) 
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It is simply the area under the curve as illustrated in Figure 3-7. Most detectors sense 
radiation from a specific wavelength region. The total power density in an interval from 
À, to À, is the area under the curve (Figure 3-8). It is represented mathematically by 


Ay 
MAT) = [MATA , (3-12) 
A, 


where AA = 4, - À,- For many applications, the target temperature is near ambient 
(T = 300K). As illustrated in Figure 3-8, more power is available in the LWIR 
region when T = 300K. This would initially suggest that a LWIR system is ideal. 
However, what is important is the signal-to-noise ratio. By lowering the noise, the 
MWIR systems can provide excellent imagery. As the temperature increases (see 
Figure 3-4), the power in the MWIR region increases rapidly. This suggests that a 
MWIR system is desirable when viewing hot sources. Regardless of the target 
temperature, the signal-to-noise ratio must be high to create good imagery. 
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Figure 3-7. The area under Planck's radiation law is equal to the 
Stefan-Boltzmann relationship. The target temperature is 300K. 
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Figure 3-8. Detectors respond to only a small portion of the total 
power available (shaded area). (a) MWIR system (3 to 5 um) and 
(b) LWIR system (8 to 12 um). The target temperature is 300K. 
Note the difference in vertical scales. 


3.2.1. GENERAL RESPONSE 


Since detectors are sensitive to only certain wavelengths, Planck’s 
blackbody radiation law is used in conjunction with the detector spectral 
responsivity. The output voltage at a specific wavelength is 


Vorrecror(A) = &R(A)M (A, T). . (3-13) 


Finally, the sum of all the outputs due to the various wavelengths must be added 
together. This is represented by an integral: 


Ay 


VDETECTOR = f Vprrecror( A) dÀ (3-14) 
Ay 
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and it is the area under the curve in the wavelength interval from A, to A,. This integral 
is illustrated in Figure 3-9. 
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Figure 3-9. Graphical representation of Equation 3-14. (a) Available 
power M(A,T) when T = 300K. (b) Typical spectral response of a 
LWIR detector. (c) Product of M(4,T) and R,(A). The detector 
output is proportional to the area under this curve. 
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3.2.2. THE BACKGROUND 


Detectors are sensitive to a limited spectral range. The spectral difference 
between a target and its background is 


AM(A,AT) = M(A, T7) - M(S Tg) (3-15) 
or 


wil. ee, eee E ol. : 
AM(A,AT) A! EP =) 5 [s =] ` (3-16) 


The total power over a limited spectral range is 


A, 
AM(A,AT) = Es xi^ _ fa | ET dÀ .(3-17) 


For small ATs, we express the target as a small increment above the background or 
AM(A,AT) = M(A,Z5* AD) - M(à, 75) . (3-18) 


For small ATs, we can expand the right side of the equation into a Taylor's series. If 
AT is sufficiently small, we keep only the first term of the series: 


AM(A,AT) = E d AT . (3-19) 


The bracketed term is called the thermal derivative. It is the partial derivative of 
Planck’s law with respect to temperature: 


0M(A, Tz) £ M, 2) cet T 


———————— 3-20 
oz ATHe NL, ~1) ( ) 


Note that the thermal derivative must be evaluated at the background temperature (Figure 
3-10). This again illustrates that if a target is specified by a temperature differential, then 
the background temperature must be stated. Instead of using Equation 3-17, the total 
power is approximately 


AM(A,AT) = d AT . (3-21) 
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Figure 3-10. Thermal derivative of Planck’s blackbody radiation 
law for three different background temperatures. It is a function of 
wavelength and background temperature. The thermal derivative 
has units of W/(n?-Lum-K). 


For small ATs, the differential detector output is 


Ay 
AV perector = & | Ry) AMQSAT) dA (3-22) 
Ay 
or 


OM (ATs) n lyr 


T (3-23) 


A, 
AV perecror =| K | £50) 
At 


Since the thermal derivative is a function of the background (ambient) temperature, 
the differential output voltage also depends upon the background temperature. 


Since M(A, AT) can be quite small, the camera must provide sufficient 
gain so that AV, crop is measurable. This is the fundamental limit of the camera. 
When AF, c rog 18 below the camera’s noise level, then AT cannot be measured. 
This limit on AT is called the noise equivalent temperature difference or NEDT. 


The NEDT is discussed in Chapter 7, Performance Parameters. 
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EMISSIVITY 


Most objects do not emit all the radiation described by Planck's law. 
They only emit a fraction of it. This fraction is called the emissivity: 
M ACTUAL : (4-1) 


€= 
M BLACKBODY 


The emissivity may vary with wavelength, the object’s shape, temperature, 
surface quality, and viewing angle. While it is instructive to study the emissivity of 
specific targets, the radiation measured depends upon the target and its environment. 
Target signatures are affected by the environment (described in Chapter 11, Target 
Signatures). When the emissivity is not known, it is convenient to assign an apparent 
temperature to the target (described in Chapter 18, Surveillance). 


4.1. CONSERVATION OF ENERGY 


When radiation is incident on an object, some of it is transmitted, some 
absorbed, and some is reflected. Energy conservation requires that the total flux 
(measured in watts) be constant: 


DrewsMITIED + OD AmsoRBED + O9 gERLECTED = Pivcwenr 462D) 
Expressed as a ratio, 
t+œa+tp=l, (4-3) 


where 1, œ, and p are the transmittance, absorptance, and reflectance, respectively 
(Figure 4-1). Each value can vary between zero and one but the sum must be 
unity. Most targets are opaque and the transmittance is zero (t — 0). Then 


at+tp=1 . (4-4) 


The emissivity, reflectivity, and absorptivity are properties of ideal materials. 
Real world materials have defects, surface irregularities, and may contain a variety of 
trace materials. Real materials are characterized by emittance, reflectance, and 
absorptance. Unfortunately, the infrared community indiscriminately mixes emissivity 
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with emittance. Since emissivity is used more often, this book will use emissivity for 
real materials. 


INCIDENT 


. ABSORBED 


~ 
~ 
~ 
~ 


^^. | TRANSMITTED 


REFLECTED icd 


Figure 4-1. Conservation of energy 


4.2. TARGET EMISSIVITY 


When averaged over all wavelengths, the total power density is 


Mz=cor . (4-5) 
However, a target cannot be studied in isolation. The environment is also 
emitting radiation (Figure 4-2). When an object is in thermal equilibrium with its 
environment, the amount of energy absorbed must equal the amount radiated. 
Otherwise, the object would either heat up or cool down. Thus, the absorptance must 
be equal to the emissivity 


Q=€ . (4-6) 


ENVIRONMENT 


yw Fe 


PN 


Figure 4-2. An object's temperature is influenced its environment. 
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This leads to the popular saying “Good absorbers are good emitters.” 
Similarly, a poor absorber is a poor emitter. For opaque objects (7 = 0), 


£tp-l. (4-7) 
A poor absorber must be a good reflector. 


The best emitter will be that surface which is the best absorber. Such a surface 
will not reflect any radiation and appear black in color (provided that its temperature 
is not so high that it is self-Iuminous). In general, the emissivity is higher for rough 
surfaces and smaller for smooth polished surfaces. The emissivity for ideal blackbodies 
is unity and zero for perfectly reflective surfaces. Figure 4-3 illustrates the emissivities 
of some common materials. 


1.0 Ideal blackbody (1.00) 
Human skin (0.98) 


Paint (average of 16 colors) (0.94) 


0.9 Plaster (0.91) 
a Iron oxide (0.87) 
2 Common red brick (0.83) 
V) 
H 0.8 
= Lightly oxidized cast iron (0.64) 
ul 0.6 
0.4 Copper bus bar (0.40) 
Aluminum panel (0.20) 
0.2 Polished stainless steel (0.16) 
_— Polished copper (0.03) 
0.0 Ideal reflector (0.00) 


Figure 4-3. Representative emissivities. Note the expanded scale 
from 0.8 to 1.0. Reflectors have emissivities less than 0.2 and 
absorbers have emissivities greater than 0.8. 


Unfortunately, the reflectance (and hence emissivity) is a function of viewing 
angle. In general, as the viewing angle increases from normality, the reflectance 
increases. This can be experienced while driving. When looking at the road at a grazing 
angle (viewing angle near 90°), the road appears reflective even if it is made of asphalt. 
As an example, Figure 4-4 illustrates the reflectance of glass as a function of viewing 
angle. 
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Figure 4-4. Average LWIR reflectance and emissivity of glass as a 
function of viewing angle. The glass transmittance is assumed to 
be zero (valid for the LWIR region). 


4.3. SURFACE CONDITIONS 


The emissivity depends upon surface properties, geometrical shape, and 
environmental factors. These include age of paint, type of paint, dust, dirt, and 
condensation. For example, the emissivity of copper varies from 0.03 for a clean 
polished surface to 0.80 for a heavily oxidized surface. Similar variations are seen 
with other metals like cast iron, aluminum, and steel. Although typical emissivity 
values are tabulated (see Appendix B), the material being tested should be measured. 


4.4. ENVIRONMENTAL EFFECTS 


As a non-contact measuring device, the thermal imaging system cannot 
separate the emitted radiation from the reflected radiation. The radiation that appears 
to emanate from the surface must include the power reflected from the surroundings 
(Figure 4-5). 


Using the Stefan-Boltzmann law, the total power emanating from an opaque 
object is 


M=eoT; +poTs , (4-8) 
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IMAGING 
SYSTEM 


REFLECTED 
EMITTED 


Figure 4-5. A thermal imaging system can only measure radiation. 
The system cannot separate emitted radiation from the reflected 
radiation. 


where T d is the effective temperature of the surroundings. This, of course, could be 
written as 


M-se07,-*(-8507,. (4-9) 


It is impossible to measure the ambient radiation that comes from all the 
surrounding objects. Each is different in shape, distance, orientation, emissivity, and 
temperature. Rather all the radiation is lumped together and regarded as an equivalent 
radiation from a blackbody at temperature T'.. The effect of the changing environment 
is described in Chapter 12, Temperature Measurements. 


The total radiation can be equated to an apparent temperature 


4 4 
M = OTtpparenr = £0 Jr * DO Tg , (4-10) 
and then 
4 nu 
T APPAREN. -(en +P Ts ) . (4-11) 
As £ 1, T pner |! 7- AS €  O, T prer Ts- Figure 4-6 


illustrates the effect of various emissivities. The can appears to have the same 


temperature as the surroundings since &,,, is small (equivalently, p,.,, is large). 
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VISIBLE THERMOGRAM 
(a) (b) 


Figure 4-6. Thermogram illustrating the effects of different 
emissivities. (a) Visual image of a bare-metal can filled with warm 
water. The top tape is black electrician's tape, the middle is masking 
tape, and the bottom is Mylar packaging tape. Each tape has a 
different emissivity. (b) Since the can has high reflectivity, its 
apparent temperature is influenced by the surroundings. The black 
electrician's tape has near unity emissivity and its apparent 
temperature is nearly equal to the water temperature. It is difficult 
to obtain precisely the same view of an object with two, significantly 
different, cameras. (By courtesy of IRcameras.com) 


4.5. GEOMETRIC FACTORS 


Each time a light beam is reflected, its intensity is reduced by the surface 
reflectance. If the beam is reflected N times, the resultant intensity is 


SZ. y (4-12) 


where J is the initial intensity. Multiple reflections have a dramatic effect on the 
reflected intensity. If p — 0.9 (a highly reflective surface) and the beam is reflected 10 
times, the intensity is reduced to 0.349. If the number of reflections increases to 50, 
the intensity becomes 0.0052. Equivalently, the effective emissivity approached unity. 
If a highly emissive paint is used (€ = 0.9 or equivalently p = 0.1) then after 10 
reflections, the reflected power is reduced to an infinitesimal 10". 
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This fact is used in the design of blackbody calibration sources. Years ago, 
all blackbodies were cone-shaped (Figure 4-7). The cone angle was selected to increase 
the number of reflections. This insures a uniform temperature within the cone and the 
cone appears to have an effective emissivity of unity (ideal blackbody). Today, many 
calibration sources have a flat surface. They are painted with high emissivity paint. 
Many paints have embedded filaments that upon drving, produce a very diffuse surface. 
Diffuse surfaces may be considered to consist of numerous, randomly located, 
microcavities. 


HEATED SURFACE 


Figure 4-7. A traditional blackbody. The cavity is cone-shaped to 
increase multiple reflections. 


To illustrate this effect, consider a polished aluminum box (£7 0.1). If viewing 
the surface, both the target and surroundings contribute to the measured radiation 
(Figure 4-82). When the emissivity is low, the reflected radiation can easily exceed 
the emitted radiation. Now remove one side and view the same surface. The wall 
temperature becomes part of the surrounding temperature (Figure 4-8b). Finally 
consider the same box but with a hole drilled in the side (Figure 4-8c). Now the local 
surrounding temperature is identical to the wall temperature and the measured radiation 
appears as if it came from an ideal blackbody. The threads of the screw top on the can 
illustrated in Figure 4-6 form a wedge that acts like a cavity. As a result, the threaded 
area appears warmer than the rest of the top. 


Equivalently, the received radiation is 
AM-seoZ, +(1-8)0 T5 . (4-13) 


As the number of reflections increase, it simply means that the surrounding 
temperature is slowly reaching the target temperature. As T. — T,, 


Moo. (4-14) 
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Figure 4-8. The apparent emissivity depends upon the target geometry. 
(a) Polished aluminum box. (b) Top view of box with one side removed, 
and (c) the same surface viewed though a small hole. 


The same effect can be seen visually when viewing a stack of razor blades. 
When viewed from the side, they appear shiny and reflect light. When the edges are 
viewed, the area appears nearly black because of the multiple reflections (Figure 4-9). 


100 Blades 


(a) (b) 


Figure 4-9. A stack of 100 utility knife blades. (a) Photograph and 
(b) cross sectional view. Adjoining edges create a cavity similar to 
that shown in Figure 4-7. As a result, the edges appear black. Careful 
examination reveals reflections from dust particles and damaged 
edges. 


EMEN LLL Spe 
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4.6. SPECTRAL DEPENDENCE 


It was tacitly assumed in the above equations that the transmittance, 
absorptance, and reflectance are a constant value for all wavelengths. Objects 
that have a constant emissivity are called gray bodies. This may not always be the 
case. Selective radiators will have an emissivity that varies with wavelength (Figure 
4-10). At each wavelength, 


TA) + WA) + A) =1 . (4-15) 


Blackbody (c = 1) 


Gray body (c = 0.9) 
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Figure 4-10. The emitted power density depends upon the emissivity. 


Many materials, such as glass, are transparent in the visible but opaque 
in the infrared. Other objects that appear opaque in the visible may be quite 
transparent in the infrared. Black plastic is an example. It is quite easy to see the 
contents of a black plastic shopping bag with a thermal imaging system. To further 
illustrate spectral properties, many infrared lens materials are opaque in the visible. 
Germanium, which is used almost exclusively as LWIR optics, is opaque in the 
visible spectrum. 


With semi-transparent materials, measurements are further complicated 
because the objects behind the material also contribute to the measured radiation. 
To measure the temperature (discussed in Chapter 12, Temperature Measurements) 
of these materials it is necessary to select a wavelength when the transmittance is 
zero. This requires filtering the thermal imaging systems so that it is responsive 
only in the region where the transmittance is zero. 
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Figure 4-11 illustrates the spectral transmittance of glass. The thickness of 
typical household bulbs is about 0.025 inch (0.625 mm). If attempting to measure the 
envelope of a household light bulb, it is necessary to select a system whose spectral 
response is greater than about 4.8 um.’ Below this wavelength, the heated filament 
will become visible. It would appear that a LWIR system would work well. However, 
the reflectance increases in the LWIR (Figure 4-12). While the LWIR could be used 
for temperature measurements, the reflectance means that a correction factor must be 
used to make an accurate temperature measurement. To avoid correction factors, it 
would be best to use an imaging system whose spectral response lies between 4.8 and 
5.5 um. For thick glass, the emissivity is unity in this region. 
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Figure 4-11. Spectral transmittance of glass. Note the nonlinear 
wavelength scale (From reference 1). 
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Figure 4-12. Spectral reflectance of glass. Note the nonlinear 
wavelength scale (From reference 1). 
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The military has been using LWIR systems routinely. Since glass is 
opaque in this region, occupants of vehicles cannot be seen. However, ifthe military 
used a MWIR system whose response was below 4 um, then occupants could be 
detected. Figures 4-11 and 4-12 also explain why eyeglasses appear dark when 
viewed with a LWIR system. They are radiating at ambient temperature (typically 
70°F or 21°C) while the face is emitting at 98.6°F (37°C). 


Many semi-transparent materials have a spectrally varying emissivity. 
While measurements could be at any wavelength band, the energy transmitted 
through the material confounds temperature measurements. Therefore, if a spectral 
region can be found where the transmittance is zero, it is possible to make accurate 
temperature measurements. Figure 4-13 illustrates the transmittance of a 0.75- 
mil thick Mylar polyester film. When the transmittance is zero (at 7.9 um), the 
measured radiation is due to emitted and reflected radiation only. At 7.9 um, the 
emissivity is about 0.96 so that the reflected radiation is minimal. Thus, a filtered 
infrared imaging system whose spectral response is limited to a small spectral 
band about 5.8, 7.9, or 9.0 um can accurately measure the Mylar temperature. 
Other plastics exhibit spectrally varying transmittances. For example, polyethylene 
has a strong absorption at 3.45 um. Careful selection of filters can lead to accurate 
temperature measurements. 
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Figure 4-13. Spectral transmittance of a Mylar polyester film. The 
film thickness is 0.75 mil (0.00075 inches). Temperature measure- 
ments can be made at various spectral bands. The most popular 
band is centered at 7.9 um. Note the nonlinear wavelength scale. 
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At times, it may be necessary to look though an obscurant to measure the 
temperature of an object. This is the case with furnaces where the flame blocks the 
wall of the furnace. With clean combustion (as with natural gas fuel), the byproducts 
are water vapor (H,O) and carbon dioxide (CO,). These very hot combustion products 
emit significant radiation. Each byproduct has its own spectrally varying transmittance. 
Fortunately, the combination is nearly transparent at 3.9 um (Figure 4-14). By using a 
flame filter, it is possible to accurately measure the furnace walls. This filter limits the 
infrared imaging system spectral response to a small band around 3.9 um. Although 
called a flame filter, it allows you to look through the flame and see the walls. 
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Figure 4-14. Spectral transmittance of a gas flame. 


By examining the spectral absorptance, it is possible to test for the presence 
ofa variety of gas plumes. For example, exhaled air is rich with CO,. Carbon dioxide 
has a highly absorbent (and hence has a high emissivity) at 4.3 um. By selecting a 
narrow band filter about 4.3 um, it is possible to detect heated breath. Note that the 
atmospheric transmittance must be high at the selected wavelengths (described in 
Chapter 5, Atmospheric Transmittance). The atmosphere also contains CO, and 
attenuates all radiation centered about 4.3 um. Therefore heated breath can only be 
seen over a few meters of path length. With any longer distances, the atmosphere 
significantly attenuates the signal. 


Engines also emit significant amounts of heated carbon dioxide. In fact, the 
thermal signature of a missile and jet engine exhaust is dominated by heated carbon 
dioxide. Figure 4-15 illustrates the remaining signal after propagating a long path 
length. This is the signal available for target detection in IRST (infrared search and 
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track) scenarios. IRST systems have narrow band filters centered on the “blue” and 
"red" spikes to maximize the signal-to-noise ratio. 
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Figure 4-15. The “blue” and “red” signals of a jet engine exhaust 
as a function of path length (From reference 2). 


Our eyes are sensitive from 0.4 to 0.7 um. When pigments reflect light in 
this region, we perceive colors. These pigments, which can be paint, ink, or dye, may 
be semi-transparent in the infrared region. As a result, it is possible to detect changes 
in the original work by comparing a visible image to an infrared image. For example, 
art forgeries and counterfeiting are often detectable with an infrared imaging system. 
Figures 4-16 and 4-17 illustrate two different detectable alterations in original 
documents. Photocopies have the same ink (toner) on the entire page and therefore 
alterations cannot be detected on photocopies. 


VISIBLE THERMOGRAM 


Figure 4-16. Printed words under a line obliterated with black ink are 
easily readable in the MWIR region. (By courtesy of Indigo Systems). 
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VISIBLE THERMOGRAM 


Figure 4-17. White correction fluid (a form of paint) is widely used 


to correct typing errors. It is semi-transparent in the MWIR region. 
(By courtesy of Indigo Systems). 
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5 
ATMOSPHERIC TRANSMITTANCE 


The atmosphere is composed of numerous gases and aerosols. These 
constituents both absorb and scatter radiation as it travels from the target to the thermal 
imaging system. This reduction in radiation is the atmospheric transmittance. Because 
these same constituents are at ambient temperature, they also radiate energy. The 
radiation accumulated along the line-of-sight is called path radiance. In the visible, 
path radiance is caused by the scattering of ambient light into the line-of-sight. It 
prevents us from seeing far-away objects on a hazy or foggy day. The net effect is the 
same in both the visible and infrared: It reduces target contrast. 


When atmospheric effects are considered, the detector output becomes 


V verector 7R T Mr Ma) > (5-1) 


where Tis the atmospheric transmittance and M , is the path radiance. Note that 
the radiation reaching the imaging system is the sum of the attenuated target 
radiation and the path radiance. Figure 5-1 illustrates the two atmospheric effects. 


ATMOSPHERE ATMOSPHERE 


(a) (b) 


Figure 5-1. Atmospheric effects. For illustrative purposes, the 
atmosphere is shown with a finite width. In fact, the target and 
thermal imaging system are embedded in the atmosphere. (a) 
Transmittance and (b) path radiance. Absorption and scattering of 
scene radiation out of line-of-sight reduce target signature. 
Scattering into line-of-sight and self-emission reduce target contrast. 
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It would appear that the camera electronic gain could be increased to offset 
the loss in signal. This is true up to a point. If the signal is below the system’s noise 
level, the signal is lost. No amount of gain can pull a signal out of the noise. 


The magnitude of the transmittance and path radiance depends upon the 
atmospheric constituents, path length, and spectral response of the thermal imaging 
system. However, the atmosphere is constantly changing. The constituents vary hourly, 
daily, seasonally, and by location (e.g., urban, maritime, or arctic). 


It is impossible to assign a single number to the transmittance or path radiance. 
These values must be measured (or at least estimated) when performing a specific 
measurement. For system performance studies, values that are considered representative 
of certain locations (typical for military scenarios) are used. Therefore, these studies 
only provide an average performance value. 


5.1. EXTINCTION 


Using the Beer-Lambert law, the atmospheric transmittance is: 


l4 Red ae (5-2) 


where R is the path length and y is the extinction coefficient. Because scattering and 
absorption are independent, the extinction coefficient can be separated into its scattering 
component, o,,, and its the absorptive component k. This allows us to study the two 
phenomena separately and then to combine the results: 


Y=O4tkh, . (5-3) 
The military adopted an unusual attenuation coefficient: 


a e oe (5-4) 
Then 


T= ff = 204 (5-5) 


Unfortunately, the terminology used to describe the reduction of radiation is author 
dependent. Both 7, and y have units of 1/km. Generally, y will have low values 
(between 0.001 and 0.4) and t, will have high values (between 0.65 and 0.95). In 
a transparent atmosphere, y=0, 7, — 1, and T, = 1. 
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Because each gas and aerosol has a unique spectral transmission, the extinc- 
tion coefficient becomes 


XA) = ofA) + £40) (5-6) 
and 


TAD , (5-7) 


Figure 5-2 portrays a typical atmospheric transmittance curve that accounts 
only for absorption only. The dominant absorber in the 3 to 5 um region is carbon 
dioxide (CO,) which absorbs at 4.3 uum. This absorption band is obvious after a few 
meters of path length. Water vapor determines the upper and lower wavelength limits 
forboth MWIR and LWIR spectral regions. Water vapor is also the dominant absorber 
in the LWIR region. As the water vapor increases, the LWIR transmittance decreases 
more quickly than the MWIR transmittance. This implies that a MWIR system may 
be better in a tropical or maritime environment. 
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Figure 5-2. Representative atmospheric transmittance over a 1-km 
(3280 ft) path length. The actual transmittance depend upon the 
aerosols present (haze), and gases (including water vapor). These 
change with meteorological range, temperature, season, and 
location. 


5.2. PATH LENGTH DEPENDENCE 


Referring to Equation 5-7, it is evident that the transmittance is a function of 
path length. Figure 5-2 provided the transmittance over a 1-km (3280 ft) path length. 
At shorter path lengths, the atmospheric transmittance is higher (Figure 5-3). At longer 
path lengths, the atmospheric transmittance is lower (Figure 5-4). The short path lengths 
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are representative of those encountered for condition monitoring and predictive main- 
tenance whereas long path lengths primarily affect surveillance activities. 
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Figure 5-3. Representative atmospheric transmittance for (a) 10 m 
(32.8 ft), (b), 50 m (164 ft), and (c) 100 m (328 ft) path lengths. 
The vertical lines are representative of the MWIR (3 to 5 um) and 
LWIR (8 to 12 um) regions. 
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Figure 5-4. Representative atmospheric transmittance for (a) 2 km 
(1.26 mi), (b) 5 km (3.15 mi), and (c) 10 km (6.3 mi) path lengths. 


Atmospheric transmittance 79 


Since the atmospheric transmittance is a function of the wavelength, it is 
necessary to describe its effect mathematically by an integral. Recall that, the integral 
just calculates the area under a curve. The attenuated target radiation produces 


Ay 
Vperecror = Å | &p(4) TAM (A, Tp) dà (5-8) 
Ay 


The output depends upon the specific detector used. A LWIR system using a 
HgCdTe detector will provide a different output than an uncooled system using a 
microbolometer detector. Likewise, a Pt:Si MWIR detector will provide a different 
output than an InSb detector. Scanning the transmittances in Figures 5-3 and 5-4 
reveal that the atmosphere affects MWIR differently than the LWIR. Short path lengths 
are not affected as much as long path lengths, and the output depends upon the target 
temperature as well as the detector spectral response. For very short path lengths (10 
m or 32.8 ft), the atmospheric transmittance may be considered as unity in the MWIR 
and LWIR regions. 


5.3. ATMOSPHERIC CONSTITUENTS 


In order of concentration (by percent of volume), the gases in a dry atmosphere 
are nitrogen, oxygen, argon, neon, helium, krypton, xenon, hydrogen, and nitrous 
oxide. These tend to have a constant concentration. On the other hand, the concentra- 
tions of ozone, water vapor, carbon dioxide, and carbon monoxide are quite variable. 


High humidity reduces transmittance by causing aerosol particulate growth, 
particularly with salt spray in maritime environments. Though the atmosphere may 
be quite clear visually, system performance may be degraded considerably because of 
the molecular absorption by the water vapor. 


Aerosols, which are suspended particulates, include dust, dirt, carbon, minute 
organisms, sea salt, water droplets (haze or fog), smokes and artificial aerosols (pollut- 
ants). The relative concentrations of the atmospheric constituents can be different at 
different locales. For example, dense foliage and vehicular exhaust influence carbon 
monoxide and carbon dioxide concentrations. Urban areas produce more carbon mon- 
oxide. Pollutants vary according to population density and factory locations. 


While gases absorb radiation, aerosols absorb and scatter the radiation. Scat- 
tering is quite dominant in the visible range and is the major contributor to path radiance. 
The meteorological range is a measure of this scattering. 
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5.3.1. WATER VAPOR 


Water vapor or absolute humidity is a major absorber in the infrared 
region. Unfortunately, transmittance is not linearly related to absolute humidity. 
The absolute humidity is not normally a measured quantity but is calculated from 
standard meteorological observables! (e.g., temperature and relative humidity). 
Figure 5-5 illustrates the relationship between relative humidity (as a percentage) 
and the absolute humidity (g/m?), 


Although absolute humidity does not uniquely specify extinction, it can be 
used as a guide. Water vapor concentration may range from a few tenths of a g/m? in 
the desert to 40 to 50 g/m? in a tropical jungle or near the sea surface. As the absolute 
humidity increases, the transmittance decreases. Absolute humidity changes both daily 
and seasonally (Figure 5-6). 
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Figure 5-5. Absolute humidity (g/m°) as a function of temperature 
and percent relative humidity. Tropical areas (high relative humidity 
and high temperatures) will have high absolute humidity. Arctic 
areas (cold with low relative humidity) will not. Water vapor 
(absolute humidity) attenuates both MWIR and LWIR radiation. 
As the water vapor increases, transmittance decreases. 
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Figure 5-6. Typical absolute humidity variation for central Europe. 
Coastline areas may exhibit very large changes as the wind direction 
shifts from land-to-sea to sea-to-land. 


5.3.2. AEROSOLS 


Aerosols attenuate radiation primarily by scattering the radiation out of the 
line-of-sight. The magnitude of the scattering depends upon the ratio of the particle 
diameter to the wavelength. When the ratio is large (large diameter compared to the 
wavelength), scattering is significant. When the ratio is small, scattering is minimal. 
The aerosol diameter for light hazes is about 1 um. This means that when the wavelength 
is less than | um (i.e., the visible) there is significant scattering. The meteorological 


range, R „gr is a visual estimate of the aerosol concentration (Table 5-1). 


Table 5-1 
INTERNATIONAL VISIBILITY CODE 


DESIGNATION VISIBILITY, Rer 
0 - 164 f 
Thick fog 50-200 m 164 - 656 ft 
Moderate fog 200-500 m 656 - 1640 ft 
Light fog 500-1000 m 1640 - 3280 ft 


063-126 mi 
26-252 mi 
2151-63 mi 
63-I26mi 
126-315 mi 
>31.5 mi 
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As particles grow in size, the scattering coefficient increases at all wavelengths 
and the transmittance decreases. Simultaneously, the spectral region that has a constant 
coefficient increases. In Figure 5-7, the particle size grows as the meteorological range 
decreases. Meteorological range is a visual method to estimate the aerosol concentration 
and particle size, Light hazes have small particles and therefore affect the visible and 
near infrared. As the particles grow in size, the region of maximum scattering moves 
out to the infrared. 


Because thermal imaging systems operate at wavelengths that are five to 20 
times the visible wavelengths, infrared imagery is less bothered by light-haze particles. 
Consequently, we say that thermal imaging systems can detect targets with minimal 
loss in range when light haze is present (meteorological ranges of 4 to 10 km). When 
moderate-sized particles are present (meteorological ranges of 2 to 4 km), scattering 
affects the MWIR region more so than the LWIR region. This leads to the statement 
that an LWIR system can provide better range performance in moderate haze than an 
MWIR system. When the particle size becomes very large (meteorological ranges 
less than 500 m), as with heavy fogs and raindrops, the visible, MWIR, and LWIR 
regions are affected equally. 
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Figure 5-7. Scattering coefficient as a function of wavelength. As 
the particles grow in size, the scattering increases and they begin 
to affect the infrared region. For small particles compared to the 
wavelength, scattering is proportional to A^ (Raleigh scattering). 
For large particles (diameter much greater than the wavelength), 
scattering is independent of wavelength. The mean particle diameter 
of most tactical screening smokes and smoke from fires is about 1 
um (similar to light haze). They appear opaque in the visible because 
the concentration is very high. These smokes can be transparent in 
the LWIR region. (From reference 2). 
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5.4. PATH RADIANCE 


Infrared path radiance is primarily due to atmospheric self-emission. It 
is independent of the target temperature and is seen even if the target is not present. 
The magnitude of this background radiation can vary with direction of observation, 
altitude, location, time of day, and meteorological conditions. 


The path radiance depends upon the average atmospheric temperature. It 
represents a mean temperature that is obtained from averaging along the line-of-sight. 
The average temperature varies with elevation angle. When looking straight up, the 
sky appears very cold. As the elevation level decreases, more gases and aerosols are 
encountered. Near the surface ofthe earth (very small elevation angles), these aerosols 
will have a temperature that is near the earth's surface temperature (Figure 5-8). 


Figure 5-8. The St. Louis Gateway Arch. Inversions can create 
atmospheric layers of different (but constant) temperatures. The 
horizontal bands are created by the self-emission (path radiance) 
ofthe aerosol layers. (By courtesy of Gary J. Weil, president, Entech 
Engineering) 


Since the path radiance does not contain any target information, it can be 
considered as noise. The signal-to-noise ratio may be approximated by 


(5-9) 


& 
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From the conservation of energy (Section 4.1), a semi-transparent medium provides 
Q+T=1 . (5-10) 


At thermal equilibrium, œ= £. Therefore, as the transmittance decreases, the emittance 
increases. Since path radiance is related to the emittance, as the transmittance decreases, 
the path radiance increases. As the numerator decreases in Equation 5-9, the 
denominator increases. Thus, the SNR decreases faster than predicted when only 
transmission is considered. The system gain can be increased to overcome the loss in 
target signal. But only up to a point. If the received SNR is too low, the target cannot 
be detected. Gain does not affect the SNR. 


Path radiance complicates target temperature measurements. Fortunately, 
its effect only becomes a problem over very long path lengths when the transmittance 
is low (see Figures 5-3 and 5-4). 


5.5. MODELING THE ATMOSPHERE 


Numerous computer codes^^ such as LOWTRAN and MODTRAN are 
available to estimate the atmospheric transmittance. These codes provide the 
spectral extinction coefficient WA). 


LOWTRAN (Low resolution transmission) has recently been replaced by 
MODTRAN (Moderate resolution transmission). The code contains representative 
(geographical and seasonal) atmospheric models and aerosol models (Table 5-2). In 
addition, the user can input radiosonde data as an environmental model or his aerosol 
model. The models provide radiance and transmittance for any slant path geometry. 


Table 5-2 
MODTRAN CHOICES 


Environmental models Aerosol models 


Maritime 


Troposphere 
Navy Aerosol Model 
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Figure 5-9 illustrates the calculated LWIR attenuation as a function of absolute 
humidity and meteorological range. The absolute humidity is obtained from Figure 
5-5. The finite extinction (less than unity) when there is no water vapor present is due 
to aerosol scattering and molecular absorption. 
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Figure 5-9. Representative attenuation as a function of absolute 
humidity and visibility. The attenuation coefficient has been 
spectrally averaged over the LWIR range. The aerosol concentration 
and particle size are embedded in the meteorological range. Both 
aerosol scattering (as specified by the meteorological range) and 
water vapor affect attenuation. Calculated from LOWTRAN using 
a mid-latitude summer aerosol model and a rural haze model. 


5.6. BACK-OF-THE-ENVELOPE MODELING 


To simply the mathematics, it is convenient to express Y(A) as a spectrally 
averaged value: 


1 
pga ae (5-11) 
AVE ZEND) Ii. ) 
Then 
Ty se MO eo (5-12) 


While mathematically convenient, 7,,,, depends on path length, target 


temperature, and system spectral response? Even with these disclaimers, a spectrally 
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averaged extinction coefficient permits extremely simple back-of-the-envelope 
calculations. 


5.6.1. “AVERAGE” WEATHER CONDITIONS 


Actual performance can have wide variations from that calculated due 
to the uncertainty of the atmosphere and the inability to accurately characterize it 
over the specific path length. While reasonable characterization is possible for 
ground systems, it is difficult to accurately characterize the atmosphere for systems 
on an airborne platform. 


Atmospheric variations are a function of the season, location (continental, 
maritime or arctic environment, and latitude), time of the day, local meteorological 
conditions, naturally occurring aerosols, artificial aerosols, and pollutants. Local 
weather conditions measured at a nearby airport are not necessarily indicative of 
conditions at the test site. For back-of-the-envelope calculations, it is convenient to 
use a spectrally averaged attenuation value. Table 5-3 provides some approximate 
values. 


Table 5-3 
AVERAGE ATTENUATION VALUES 
These approximate values can be used for back-of-the-envelope calculations. 


Approximate 
percentage of time 
with better weather 


Weather Average 
quality attenuation, Tyg 


| Poo | 070km — | 


The weather is typically either very good or very bad (Figure 5-10). Rarely 
is there an “average” day as suggested by Table 5-3. Every day exhibits large variations 
and the "average" value is a mathematical construct to make calculations easy and to 
allow system performance comparisons for different weather conditions. Actual values 
may be significantly different at any particular time. Casual observers tend to remember 
either very good or very bad weather and therefore are not good estimators of average 
conditions. Averages are based upon data collected over five to 10 years. 


Atmospheric transmittance 87 


average 


TRANSMITTANCE 


Vests rain/fog 


TIME 


Figure 5-10. Typical atmospheric transmittance. Generally, the 
weather is either very good or very poor. Although it is convenient 
to discuss average values, it is rare to have an "average" day. 


5.6.2. RANGE PREDICTIONS 


A simple, back-of-the-envelope calculation can provide an average range at 
which a target can just be detected. This approach is based upon the signal-to-noise 
ratio only. The received signal-to-noise-ratio 1s 


(5-13) 


where NEDT is the noise equivalent differential temperature and AT is the target 
background temperature differential. The NEDT (discussed in Chapter 7, Performance 
Parameters) is a function of background temperature. When viewing objects against 
the sky, the background temperature becomes the effective aerosol temperature (path 
radiance temperature). Then Equation 5-13 is equivalent to Equation 5-9. 


An average attenuation coefficient is selected from Table 5-3. A minimum 
SNR is then selected and the range is calculated. As an optimistic approach, let 
SNR - 1. Then 


(227) 
log 
AT 


log t pz 


(5-14) 
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To illustrate some trends, let the baseline values be 7, =0.85/km, R,—5 km, 
AT = 10°C and NEDT, =0.2°C. This provides SNR —22. Suppose we can redesign 
the system such that the NEDT is reduced to NEDT=0.15. This allows one of three 
performance improvement choices. Depending upon the system application, one and 
only one choice is selected. For a fixed SNR: 


CHOICE 1: For a fixed AT and 7, the range increases to 


zi tke, NEDT | 


NEDT -1 
R= —= ct l= 6.77 km Pa 
log( c 17) 
CHOICE 2: For a fixed range and 7, we can acquire cooler targets 
AT = MEDI, AT, = 7.5° (5-16) 


NEDT 


CHOICE 3: For fixed range and AT, we can detect the same target in poorer 
weather 


1 


R 
t,7 t, HA = 0.804m (5-17) 


NEDT, 
The spectrally averaged attenuation 7 „ should only be used for back-of-the- 


envelope calculations. It also can provide trends. For range performance predictions, 
the atmospheric transmittance should be calculated for each range of interest. 


tme 


ar 
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CAMERA DESIGN 


The functional electro-optical block diagram shown in Figure 6-1 illustrates 
five major subsystems of an infrared camera: optics and scanner, detector and detector 
electronics, digitization, image processing, and image reconstruction. Figure 6-1 applies 
to scanning and staring systems. Not all components are present in all cameras. The 
specific design depends upon the number of detector elements and the required output 
format. 


The detector is the heart of an imaging system because it converts infrared 
radiation into a measurable electrical signal and converts target spatial information 
into electrical temporal information. Amplification and signal processing create 
an electronic image in which voltage differences represent scene intensity 
differences. The detector electronics are matched to the detector characteristics 
and required output. Many systems digitize signals because of the relative ease of 
creating an image. In addition, many digital image enhancement algorithms are 
available. Machine vision systems typically operate in the digital domain. 


It may be necessary to format the data into signals and timing that are 
consistent with monitor requirements. The monitor may or may not be an integral 
part of the infrared imaging system. 


For convenience, targets are labeled as either hot or cold. Hot refers to a 
target that appears warmer than its immediate background and co/d means the 
target appears cooler than its immediate background. The choice of hot objects 
appearing white and cold objects appearing black is arbitrary. With electronic 
polarity reversal available, either “white hot" or "black hot" targets can be created. 
With “black hot," hot objects appear dark gray against a neutral background. As 
the object becomes hotter, its representation on a monitor becomes blacker. The 
reverse is true for “white hot.” With “white hot,” the target becomes “whiter” as 
its apparent temperature increases relative to the background. All the images in 
this book are in “white hot.” 


The detector output is simply a voltage. This voltage can be mapped into 
pseudo-colors (There is no color information associated with the image). As is often 
done with human feelings, cold objects are often represented as blue and hot objects 
as red. Whether the output is displayed in a gray scale or pseudo-colors is a matter of 
personal preference. Note that these colors are used only to highlight features. These 
colors should not be confused with the color temperature of the object. 
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Figure 6-1. Generic functional block diagram. Not all components 
exist in every camera. The gamma correction circuitry is appropriate 
when the video is to be viewed on a CRT-based display. Analog 
cameras will not have an internal A/D converter. 
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6.1. CAMERA OUTPUT 


It was shown in Section 3.1.1, General response, that the detector output is 


V, DETECTOR — RM , (6-1) 


where R, is the detector’s responsivity, M is the radiation from the target, and k is a 
constant. The camera formula provides 


ApT, 
k= Pr ; (6-2) 


where T prcs 18 the transmittance of the optics, 4, is the active area of a detector, 


and F is the lens f-number. The f-number is 


F- A x faces is C E (6-3) 
D optical diameter 
Combining terms yields 


AT 
VDETECTO. gr M $ (6-4) 


The detector output should be as large as possible so that small AT targets can be 
detected. Reducing the f-number increases the detector output. However, practical 
lenses are about F = 1 with the theoretical minimum of 0.5. 


Often, lower f-number lens systems have more optical elements and 
therefore may have lower transmittance. The value T prcs F? must increase to 
increase the detector output. Lens systems may be described by the T-number: 


Z- NUES i (6-5) 


\ TorTICS 


Then 


A 
V ETECTO. =Z RM s (6-6) 
of 
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The responsivity, R p» 1$ a characteristic of the detector selected. The f- 
number depends upon the desired field of view and aperture diameter. The lens 
material selected dictates the optical transmittance. 


6.2. SYSTEM DESIGNS 


This section provides a brief overview of common designs. 


6.2.1. MILITARY SYSTEMS 
Militarized systems evolved in the following chronological order: 


LINE SCANNERS 

A line scanner requires platform motion to create a two-dimensional image. 
It usually has a very wide field-of-view in the scan direction. Typically used 
for reconnaissance, it relies on aircraft or spacecraft motion to provide the 
cross-scan dimension. The very early infrared systems were downward 
looking line scanners. When designed to look out the front of an aircraft, 
they were called forward-looking infrared (FLIR) systems. The acronym 
FLIR is used generically to denote an infrared imaging system. 


COMMON MODULE 

All detectors, scanners, and amplifiers were built to the same specifications. 
Commonly designed components were called modules. The term now loosely 
refers to any LWIR system with bi-directional scan. Based upon blackbody 
curves, terrestrial objects emit more radiation in the LWIR region compared 
to the MWIR region. Further, for a fixed target-background temperature 
difference, the radiance difference (as specified by the thermal derivative) is 
about 10 times larger in the LWIR region than the MWIR region. This single 
fact prompted the design of LWIR common modules. 


EOMUX 
Only one person could view the common module display. By electro- 
optically multiplexing (EOMUX) the output, a common module FLIR 
can have a standard video output (e.g., RS 170, NTSC. PAL, or SECAM). 


EMUX 
As digital electronics matured, the EOMUX system was replaced with 
the electronically multiplexed (EMUX) design to create a standard output. 
This is the most prevalent “common module" design today. 
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SECOND GENERATION 
As staring array technology improved, it was thought that the common 
module would be replaced by a staring array. However, low-noise LWIR 
staring arrays are difficult to build. As a result, second generation now 
refers to an array that has 480 detectors in the vertical direction and 4 
time-delay-and-integrate detectors in the scan direction. It is loosely called 
a "480 by 4" array. 


6.2.2. CIVILIAN SYSTEMS 


For many years, civilian systems were derivatives ofthe militarized systems. 
However, military systems are usually designed for maximum sensitivity (very low 
noise). For many civilian applications, there is a strong signal (large temperature 
difference) so that low noise is not a major design concern. Cost, weight, ease of use, 
and power consumption now drive civilian system design. 


While the military used LWIR exclusively, civilians had no restrictions. For 
many years, civilian systems contained a staring array operating in the MWIR. Newer 
systems are uncooled, meaning that the detector does not have to be cryogenically 
cooled. The uncooled systems can be designed to operate either in the MWIR or 
LWIR region. The LWIR region is the most popular since LWIR imagery is not affected 
by sun glints. Sun glints are a momentary sparkle or reflection. They occur from 
moving objects - such as waves on the sea. Solar reflections are continuous reflections. 


6.3. OPTICS 


The optics images the radiation onto the detector(s). Numerous computer 
codes assist the engineer in selecting a good optical design. There is nothing magical 
about infrared lens design. The challenge is to find materials that transmit infrared 
radiation, are strong, and are not affected by the environment. If the system will be 
used in a harsh environment, then an addition window may be necessary to protect the 
optics. Filters may be added to increase the dynamic range or change the spectral 
response. 


Germanium (Ge) is widely used as a lens material for the LWIR. Although 
transparent in the infrared, it is opaque for wavelengths less than 2 um and therefore 
visually appears black. Zinc sulfide (ZnS) and zinc selenide (ZnSe) are also used 
for LWIR lenses. They partially transmit visible light and objects appear yellow- 
orange. MWIR systems may use silicon, sapphire, quartz, or magnesium as lens 
material. Of these, only silicon is opaque in the visible. 
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6.4. SCANNERS 


The function ofthe scanner is to dissect the image sequentially and completely. 
That is, the scanner moves the detector instantaneous-field-of-view (IFOV) around 
the system field-of-view (FOV) in a way that is consistent with the monitor 
requirements. A large variety of scanning schemes is available. There is nothing 
inherently good or bad with any particular scanning scheme: each has its own 
advantages and disadvantages. The most common scanners are rotating drums, 
polygons, refractive prisms, and oscillating mirrors. The detector output creates the 
image during the active scan time and during the inactive scan time the detector output 
is ignored. The inactive time provides the time necessary for the scanner to come into 
the appropriate position for the next frame or scan line. 


Detector characteristics may dictate the scan direction. Figure 6-2 illustrates a system 
with a single detector with unidirectional (raster) scan. SPRITE (signal processing in 
the element) detectors require a unidirectional scan. Figure 6-3 illustrates a linear 
array that uses bi-directional scanning (parallel scan). U.S. common module systems 
employ bi-directional scanners. Figure 6-4 illustrates a series of detectors whose outputs 
are summed together to provide time-delay-and-integration (TDI). Systems with TDI 
usually require unidirectional scan. A full staring array does not have a scanner. 


> IFOV IFOV AT A LATER 
INSTANT IN TIME 


Figure 6-2. Single detector scan pattern employing unidirectional 
(raster) scanning. 
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FORWARD SCAN DIRECTION ——> 
INTERLACE SCAN DIRECTION «—- 


SIGNAL 


(b) 


Figure 6-4. Multiple detectors operating in a pure serial scan mode. 
(a) Detector movement across the FOV. (b) The right-hand detector 
is the first to move across the target. After a suitable time delay for 
each succeeding detector, the outputs are added (TDI). If N detectors 
are present, the signal-to-noise ratio increases by VN. 
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6.5. DETECTORS AND COOLERS 


Current detector terminology lists detectors as cooled or uncooled. These are only 
generic categories. Within each category, there are many different types of detectors. 


COOLED DETECTORS 


LWIR photon detectors have to be cooled below 100K with 77K considered a 
typical temperature. In the early days of thermal imaging systems, cryogenic 
cooling was achieved with liquid nitrogen (LN,) whose boiling point is 77K. 
This temperature is still advocated today even though many systems have a 
mechanical cooler with an adjustable temperature range. Many MWIR detectors 
can operate at 200 K and this temperature can be easily achieved with a 
thermoelectric cooler (TEC). TECs appear to have an infinite lifetime whereas 
mechanical coolers degrade over time. Mechanical coolers add cost, bulk, and 
consume power. 


UNCOOLED DETECTORS 


Thermal detectors can operate at room temperature and therefore are called 
uncooled devices. Although called uncooled, these devices require a cooler to 
stabilize the detector temperature. Usually a thermoelectric cooler is used. 
Uncooled devices are lightweight, small in size, and easy to use. Because they 
use very low power, they lend themselves to hand-held, battery-operated, devices. 


6.5.1. DETECTOR OPERATION 


Detectors are classified as classical semi-conductors, novel semi- 
conductors, and thermal detectors. Detector performance parameters and therefore 
system performance parameters were developed for the classical semi-conductor 
and thermal detectors. More recently, novel semi-conductors such as the Schottky 
barrier photodiode and quantum well have been introduced. Classical theory is 
no longer appropriate and new measures of performance have been developed. 


There are many different types of infrared detectors. The following lists 
the most popular types and some of their features. 
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CLASSICAL SEMICONDUCTORS 


Photoconductive 
The photoconductive detector requires a constant bias voltage. An absorbed 
photon changes the bulk resistivity, which, in turn, changes the current. 
The current change is monitored in an external circuit. Since current is 
constantly flowing, the detector dissipates heat. As a result, very large arrays 
are difficult to cool. 


Photovoltaic 
The photovoltaic detector is actually a p-n junction in a semiconductor. An 
absorbed photon produces a voltage change that is sensed in an external circuit. 
It does not dissipate heat and therefore can be built into very large arrays. 
Since minimal current flows, it is easy to couple the detector to a low noise 
amplifier. 


NOVEL SEMICONDUCTORS 


Schottky barrier photodiode (SBD) 
The SBD is a photoemissive device that produces a voltage. These detectors 
are compatible with silicon fabrication technology. Therefore, it is easy to 
fabricate monolithic devices where the detector and readout are fabricated 
at the same time. SBDs can be built into very large (5000x5000) arrays. 


Bandgap engineered photodetectors (quantum well) 
The spectral response of quantum well detectors can be engineered (tuned) 
to any wavelength. Unfortunately, it has a very narrow spectral response. 
Its current limitation is that it requires significant cooling (below 60K). 


THERMAL DETECTORS 


Bolometer 
As a bolometer absorbs heat, its resistance changes. It requires an external bias 
and the change in current (due to the change in resistance) is monitored in the 
external circuit. It is somewhat difficult to dissipate the heat in large arrays. 


Pyroelectric 
The pyroelectric detector can only sense a changing temperature. The 
thermal changes alter the electrical polarization that appears as a voltage 
difference. These AC devices create halos around high AT targets. These 
systems typically have a chopper (to produce a changing scene) between 
the lens system and detector. The chopper is synchronized with the frame 
rate of the camera so that the displayed image appears uniform. 
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6.5.2. SPECIFIC DETECTORS 
PHOTON DETECTORS 


Silicide Schottky-barrier devices 
The most popular is Pt:Si (platinum silicide) which is sensitive in the 1.0 to 
5.5 um region. It requires a filter to limit the spectral response (e.g., to create 
a 3 to 5.5 um system). Because of the low quantum efficiency, Pt:Si has 
poor performance when the background temperature is less than 0°C. Silicon 
technology is mature and very large arrays can be fabricated very cheaply. 
The device is often cooled to 70K to reduce the dark current. 


InSb (Indium antimonide) 
InSb is a high quantum efficiency MWIR detector. It has generally replaced 
PtSi in those systems using modest sized arrays (e.g., standard video format 
with approximately 640x480 elements). It peak response is near 5 um. A 
filter is used to limit the spectral response to the MWIR region. 


HgCdTe (Mercury cadmium telluride) 
Mercury cadmium telluride is also called merc-cad or MCT. Although 
generally labeled as HgCdTe, it is a mixture (Hg, ,Cd, Te). By varying 
the ratio, the spectral response can be tailored to the MWIR or LWIR 
region. The most popular is the LWIR with a peak response near 12 um. 
A filter is used to limit the response to the L WIR region. HgCdTe detectors 
are used in all common module systems. 


SPRITE (Signal processing in the element) 
The SPRITE detector is a stretched HgCdTe filament that provides 
inherent time-delay-and-integration (TDI). It was developed in England 
and has become the English common module detector. 


QWIP (Quantum well infrared photodetector) 
The QWIP is based upon mature GaAs growth technology. The wells are 
created by layers of GaAs/AlGaAs and the response can be tailored from 
3 to 19 um. The LWIR version typically has a spectral responsivity from 
8.3 to 10 um. The responsivity and noise are temperature sensitive so 
that QWIP devices are cooled to less than 60K. 


THERMAL DETECTORS 


As temperature sensors, thermal detectors can sense all wavelengths and 
therefore filters are used to limit the spectral response. The LWIR is usually 
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selected to overcome sun glints. Thermal detectors generally have much 
lower sensitivity than photon detectors. As a result, they probably will not 
replace photon detectors in critical, low signal-to-noise applications. A large 
variety of materials can be used as bolometer and pyroelectric detectors. 


6.5.3. DETECTOR RESPONSIVITY 


The early detector performance parameters were created for the classical 
photoconductive semiconductor. The responsivity is the output voltage per unit input 
radiant power: 


V volts 
R D = ^. 
Power watt 


(6-7) 
The noise equivalent power is simply the rms noise divided by the responsivity: 


NEP = PRMS wars, (6-8) 
Rp 


There is a constantly increasing effort to reduce detector noise (reduce the NEP). 
Since our society prefers big numbers rather than small numbers, the detectivity is 
defined as 


D=—— . (6-9) 


Now, large D is desired. The normalized detectivity or D* (pronounced dee-star) is a 
measure of detector performance. It includes the detector active area, the electronic 
bandwidth, and the noise equivalent power: 


D= VADAS - Rov AAS VIDAS em -| Hz (Jones) , (6-10) 
NEP V eus watt 

where Af is the electronic bandwidth. The concept of D* is attributed to Jones 
and his name often appears parenthetically. Photon detectors have a high D* and 
therefore are low noise devices. These are the detectors of choice for research and 
military applications. 
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Figure 6-5 illustrates the D* of a variety of detectors. Several points are 
of interest. Photon detectors have a responsivity that is of the functional form: 


À 
RA) = (2 n| Rexr >» (6-11) 


where q is the electronic charge (1x10 coulombs), A is Planck’s constant, c is 
the speed of light, and 7 is the quantum efficiency. The bracketed term is the 
detector's current responsivity with units of amps/watt. The external resistor, R pyp 
converts the amps into a measurable voltage. Quantum efficiencies can reach 
90% for InSb and HgCdTe detectors. 
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Figure 6-5. D* for a variety of detectors. Filters are used to limit 
the spectral response. 


As illustrated in Figure 6-5, D* has the same functional form as the 
responsivity. It is convenient to characterize classical photon detectors by a peak D* 
and cutoff wavelength: 


As us 
D* (4) = L ‘ (6-12) 


Thermal detectors are not photon detectors and therefore have no spectral 
features. Thermal detectors have a low D* with a commensurate increase in noise. 
These detectors are very useful in situations where the AT is high. They work quite 
well for most condition monitoring and predictive maintenance applications. 
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Theoretically, photoconductive detectors have more noise than photovoltaic 
detectors. As a result, photovoltaic detectors will have a higher D* by V2. Pt:Si operates 
on a different principle and therefore is not described by D*. The quantum efficiency 
of a Pt:Si array is less than 1% at 4 um and drops to zero at 5.5 um. 


With staring arrays, the photoelectrons are measured. The number of 
photoelectrons generated depends upon the photon flux, M (T), and the detector 
quantum efficiency: 


an,-KAnM,O Dur > (6-13) 
where fyr is the integration time. The maximum integration time is limited by the 
frame rate: fyr — 1/(frame rate). For standard video operating at 30 Hz, t yr becomes 


33 ms (max). The integration time can be shortened to prevent saturation. As the 
frame rate increases, the integration time must decrease and, simultaneously, the signal 
level decreases. These electrons are converted to a voltage by the readout capacitor: 


ELT. 
diam E (6-14) 


6.5.4. FIXED PATTERN NOISE 


In scanning systems, each detector usually has its own amplifier. Each 
detector/amplifier combination will have a different gain and level. These variations 
produce fixed pattern noise (FPN). For a linear array of elements, each line may 
have a different gain and offset. This produces FPN in the vertical direction only 
and will appear as horizontal streaks. For staring arrays, each detector will have a 
different response resulting in a two-dimensional FPN. Electronic gain/level 
normalization removes most FPN. FPN may be noticeable when the gain is 
maximized. This occurs when the target-background contrast is very low. 


6.5.5. AC COUPLING 


AC coupling is used in scanning systems to suppress a large uninformative 
background so that the small variations about ambient temperature can be amplified. 
The average level of each detector output is held constant such that the displayed 
image no longer is radiometrically correct. The same object can appear as either light 
gray or dark gray depending upon the immediate surroundings. Figure 6-6a illustrates 
a temperature-controlled board. The radiometric levels are shown in Figure 6-6b but 
after AC coupling, the video lines appear as that shown in Figure 6-6c. Figure 6-6d 
illustrates the resultant image. Very large uniform areas will appear as the same intensity 


Camera design 103 


on the monitor independent of the absolute temperature. AC coupling affects only the 
line that is AC coupled. DC restoration is a process that adds signal to an AC coupled 
image so that it appears radiometrically correct. 


SCENE RADIOMETRIC LEVELS 
*COLD" 300 
(299K) 
299 
300K 
ean 301 
“HOT” “HOT” 
(301K) (301K) 300 
(A) (B) 
VIDEO LEVELS DISPLAY 
0 
0 


(C) (D) 


Figure 6-6. The AC coupling problem. (a) A calibrated target board 
with three different temperatures, (b) the radiometric values, (c) 
the output after AC coupling, and (d) the appearance on a monitor. 


6.5.6. FILL FACTOR 


Figure 6-7a illustrates a full focal plane array (no scanner) where the detectors 
are contiguous. With many detector arrays, the detector does not completely fill the 
cell area (Figure 6-7b). The ratio of active detector element area to the cell area is the 
fill factor. Ifa small object is imaged onto one of these dead areas between the detectors, 
there will be no output. A low fill factor becomes noticeable when viewing very small 
objects. As the small object moves, its image will move on and off the active detector 
element resulting in a twinkling of the object. 
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Figure 6-7. Fill factor definition. (a) 100% fill factor and (b) 
finite fill factor. 


6.6. DIGITIZATION 


Infrared systems spatially sample the scene because of the discrete 
location of the detectors. Staring systems, because of detector location symmetry, 
tend to have equal sampling rates in both the horizontal and vertical directions. 
With scanning systems, the detector output in the scan direction can be 
electronically digitized at any rate whereas in the cross scan direction, the detector 
locations define the sampling rate. Therefore, in a scanning system, the sampling 
rate may be different in the horizontal and vertical directions. 


Sampling effects are obvious when viewing periodic targets such as those 
used for system characterization.! Sampling creates moiré patterns (Figure 6-8). 
Diagonal lines appear to have jagged edges or “jaggies.” Sampling effects are not 
obvious when viewing complex scenery and, as such, are rarely reported during 
actual system usage although they are always present. 


Sampling creates an uncertainty in target size. It is difficult to determine 
precisely where a target edge is located. This uncertainty is one detector width. It 
would initially appear that a target that completely fills a detector could be 
measured with accuracy. If a target is small, then the system must be carefully 
aligned so that the target is centered on one detector (Figure 6-9). While this is 
possible in the laboratory, it is extremely difficult to achieve in the field. Although 
the instantaneous-field-of-view (IFOV) is used as a measure of resolution, the 
smallest target that can be measured without critical alignment is probably 3 times 
the IFOV. This is further discussed in Section 7.3.5, Measuring IFOV. 
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Figure 6-8. Moiré pattern. A raster scan system creates moiré 
patterns when viewing wedges or star bursts. 


(a) (b) 


Figure 6-9. Sampling effects. (a) Small target centered on a target. 
The center detector can accurately measure the target's temperature. 
(b) Small target moved off center. In this case, no detector can 
accurately measure the temperature. 


6.7. IMAGE PROCESSING 


Image processing algorithms are used to enhance images, suppress noise, 
and put the image data into a format consistent with monitor requirements. Digital 
algorithms can provide boost and interpolation. Boost increases the signal 
amplitude at specific spatial frequencies but it does not affect the signal-to-noise 
ratio. For systems that are not noise limited, boost may improve image quality. 
However, for noisy images, the advantages of boost are less obvious. 


Every detector/amplifier combination will have a different gain (responsivity) 
and offset. These variations result in fixed pattern noise or spatial noise. If large 
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deviations in responsivity exist, the image may be unrecognizable. As a result, systems 
employing more than one detector may require gain/level normalization or 
nonuniformity correction (NUC) to produce an acceptable image. Although most 
literature discusses NUC for staring systems, it also applies to scanning systems that 
have more than one detector in the cross scan direction. For good imagery, the individual 
detector outputs are normalized (made equal) for several discrete input intensities. 
These normalization intensities are also called calibration points, temperature 
references, or simply points. 


With single point correction, the fixed pattern noise will be a minimum at 
the reference temperature. With perfect correction, there will be no fixed pattern noise 
at the reference temperature (Figure 6-10). Truncation errors in the normalization 
algorithm and different spectral response detectors produce residual FPN. As the 
background temperature deviates from the reference calibration temperatures, fixed 
pattern noise will increase. The increase depends upon how far the detector responsivity 
curves deviates from linearity. 
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Figure 6-10. Fixed pattern noise after single point correction. Noise 
will be a minimum at the correction temperature (calibration point). 


For two-point correction, the spatial noise will be at a minimum at two 
reference intensities. For any other intensity, the spatial noise increases. However, in 
the region between the two references (Figure 6-11), the spatial noise is less compared 
to the spatial noise outside the two references. This curve is often simply called the 
W-curve. 
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Figure 6-11. Fixed pattern noise after two-point correction. The 
amount of noise between the two correction points depends upon 
the system spectral response, detector responsivities, and the 
correction algorithm. 


Thermal correction should be performed periodically. With scanning systems, 
the references can be placed at either end of the scan. During the inactive scan time, 
the detector views the internal blackbody references. The detector output due to the 
references is stored in memory and used in every frame for nonuniformity correction. 
One advantage of this method is that the thermal reference temperature can vary 
according to the scene dynamic range (called scene-based correction). If the overall 
scene AT is small, then the differences in the reference temperatures are small. 


In some cases, it is not possible to include the blackbodies into the optical 
path for mechanical or optical reasons (notably staring arrays). With these systems, 
corrections are placed in firmware. Their success relies on detector stability; it 
assumes that the detector gain and offset does not change over time and this is 
true for many staring arrays. Staring arrays must be recalibrated periodically to 
ensure that the FPN corrections are correct. 


6.8. RECONSTRUCTION 


The D/A converter provides an output that typically has a stair step 
appearance. The reconstruction filter smoothes the data and removes the stair step. 
The output of the reconstruction filter is the analog video. 
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6.9. MONITORS 


The monitor may be an integral part ofthe infrared system or stand-alone. If 
the monitor is separate from the infrared system, it is important to use a high quality 
monitor that does not degrade image quality. 


6.10. MWIR versus LWIR 


Since the advent of thermal imaging systems, many studies and arguments 
have resulted over whether MWIR is a better imaging band than the LWIR region. 
The detector output is a complex relationship among many factors. Assuming a 
perfect blackbody (£ = 1), The detector output is 


A 
A 2 

FoETECTOR = J M. 77) Ro) Toprics(A) TA) dÀ « (6-15) 
Ay 


Because so many quantities are involved, there is no “best” system. Comparing 
systems built to different designs is nearly impossible. Each design has its 
advantages and disadvantages. Comparing MWIR with LWIR automatically 
includes different detectors with different quantum efficiencies. The “best” system 
is the one that meets the needs of your application. Atmospheric conditions have 
the largest influence on MWIR/LWIR selection. 


The atmospheric transmittance depends upon the amount of water vapor 
present, aerosols, and the molecular species present. As the aerosol concentration 
increases, the particle sizes grow and the MWIR region is affected more than the 
LWIR region (Figure 5-7). Water vapor affects the LWIR region more than the MWIR 
region. Whether MWIR transmittance is better than the LWIR depends upon the 
relationship between the visibility and the water vapor concentration. MWIR 
transmittance is higher only when the water vapor concentration is high and the aerosol 
concentration is low (long meteorological ranges). Even when this is true, the MWIR 
transmittance is better for path lengths greater than 10 km (6.3 mi). The MWIR system 
must be designed to exploit the increased transmittance. If the task was to detect 
targets at 5 km (3.1 mi), then the LWIR should be selected even in a high humidity 
environment. 


Solar reflections are most troublesome in the MWIR region. Some cameras 
have a “sun filter” which blocks radiation below about 3.4 um. This filter reduces 
sensitivity and increases the NEDT. For those applications that require very low NEDT, 
the sun filter will adversely affect performance. Clearly, solar reflections occur only 
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outdoors during daylight and with no clouds in the sky. This is not an issue indoors or 
if the measurements are made at nighttime. 


Table 6-1 compares the solar radiation at ground level to that of a blackbody 
at 290K. If the target's emissivity is high, then the sun's effect is minimal. If the 
emissivity is low, then sun glints can occur. In the MWIR, the solar radiation is 6 
times higher than the blackbody radiation, indicating that sun glints can be a problem 
in the MWIR. In the LWIR, sun glints are almost negligible. The magnitude of the 
solar glint depends upon the reflectivity and it depends upon the viewing angle (see 
Figure 4-4). 


Table 6-1 
COMPARISON of SUN and BLACKBODY EMISSION 


Spectral Solar radiation Self-emission of 
region at Ground level | 290K blackbody 
MWIR 24.0 W/m? 4.1 W/m? 
| LWIR | 1.5 W/m? 127.0 W/m? 


Note that the terms “MWIR” and “LWIR” are used in a generic sense. 
To call a system MWIR only denotes that its spectral response is within the MWIR 
region. It says nothing about the precise response. For example, both PtSi and 
InSb are labeled as MWIR detectors but the spectral responses are very different 
and therefore their performances are very different. The atmospheric transmittance 
is only one parameter in range performance equation and as such should not be 
used exclusively to select MWIR or LWIR. Trade studies must include the specific 
sensor designs to determine which will perform better in the various scenarios 
and environments. 


Cost, ease of use, reliability, and maintainability are additional factors 
that do not fit into a mathematical trade-off analysis. These factors are discussed 
in Chapter 8, Camera Selection. The system you select will depend upon your 
particular application. This chapter only provides the background information on 
why cameras are built the way they are. 


6.11. REFERENCES 


1. G. C. Holst, Testing and Evaluation of Infrared Imaging Systems, second edition, pp. 43-49 and 
pg. 348, ICD Publishing, Winter Park, FL (1998) 
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PERFORMANCE PARAMETERS 


System characteristics, observer experience, scene content, atmospheric 
transmittance, monitor settings, and a variety of miscellaneous factors affect the 
perceived image quality (Figure 7-1). The cause of poor imagery cannot be discerned 
simply by examining the image. The purpose of laboratory testing is to be able to 
quantify the most important variables that support good image quality (Table 7-1). 
Optimal image quality cannot be determined by simply viewing an image. To determine 
if optimum quality has been achieved, it is necessary to verify focus, adjust gain, 
adjust level, tune the monitor, measure the response to different sized targets, and 
measure the response to different target intensities (i.e., quantify the parameters in 
Table 7-1). Although the parameters in Table 7-1 are often treated as independent 
quantities, they are not. The MRT depends upon both the NEDT and spatial resolution. 
Performance parameters should not be confused with features. Features are discussed 
in Chapter 8, Camera Selection. 
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Figure 7-1. Various image quality contributors that affect perceived quality. 
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Table 7-1 
PERFORMANCE PARAMETERS 


Thermal sensitivity (NEDT) 
Spatial resolution 
Minimum resolvable temperature (MRT) 
Minimum detectable temperature (MDT) 


An overwhelming majority of imaging quality discussions center on spatial 
resolution or thermal sensitivity. The term resolution has been in use so long that it is 
thought to be something fundamental that uniquely determines image quality. It is the 
smallest detail that can be perceived. Spatial resolution may be specified by a variety 
of, sometimes unrelated, metrics such as the Airy disk diameter or the instantaneous- 
field-of-view. The appropriate metric depends upon the intended system application. 
Resolution does not include the effects of target contrast nor system noise. There is a 
clear distinction between resolution (the ability to see detail) and detection (the ability 
to see something). 


Thermal sensitivity refers to the smallest temperature differential that can be 
detected. It depends upon the light-gathering properties of the optical system, the 
responsivity of the detector, and the noise of the system. A laboratory measure of 
thermal sensitivity is the noise equivalent differential temperature (NEDT). It is also 
called the noise equivalent temperature difference (NETD) and noise equivalent 
temperature (NET). Thermal sensitivity is independent of spatial resolution. 


System performance depends on both sensitivity and resolution. As shown 
in Figure 7-2, the minimum resolvable temperature (MRT) is constrained by sensitivity 
and resolution considerations. Different systems (Figure 7-3) may have different MRTs. 
System A has a better thermal sensitivity because it has a lower MRT at low spatial 
frequencies. In this case, System A has a lower NEDT. Large targets consist of low 
spatial frequencies. At mid-range spatial frequencies, the systems are approximately 
equivalent and it can be said they provide equivalent performance. System B has 
better spatial resolution and can display finer detail than System A (fine detail is 
associated with high spatial frequency). Figure 7-3 illustrates that neither thermal 
sensitivity, spatial resolution, nor any other single parameter can be used to compare 
systems. Rather, all the quantities listed in Table 7-1 must be specified for system-to- 
system comparison. 


This chapter highlights the most common performance parameters. 
Detailed measurement techniques can be found in Testing and Evaluation of 
Infrared Imaging Systems, second edition, G. C. Holst, JCD Publishing, Winter 
Park, FL 32779 (1998). 
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Figure 7-2. MRT is constrained by the system’s resolution and 
sensitivity. The sensitivity limit is defined as the NEDT. Because 


of the eye’s incredible spatial and temporal integration properties, 
the MRT is less than the NEDT at low spatial frequencies. 
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Figure 7-3. Two systems with different MRTs. Whether system A 
is better than B depends upon the specific application. 
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7.1. SPATIAL FREQUENCY 


Object-space spatial frequency (Figure 7-4) is used to characterize system 
response. Using the small angle approximation, the angle subtended by one cycle 
(one bar and one space) is d/R where d is the spatial extent of one cycle and R is 
the distance from the infrared system entrance aperture to the target. When using 


a collimator, the collimator focal length, floco,» replaces R so that targets placed in 


the collimator's focal plane can be described in object space. The small angle 


approximation is valid when d << R or d << fl cor 


del EIE. 


Bi OBJECT 


Figure 7-4. Object-space spatial frequency. 


The horizontal object-space spatial frequency, f. , is the inverse of the 
horizontal target angular subtense and is usually expressed in cycles/mrad: 


__1 [Z7 cycles 
Sx ~ Tqq0\d) “mrad (7-1) 


or 


1 Le 
f. - an og (7-2) 


114 Common sense approach to thermal imaging 


7.2. SENSITIVITY (NEDT) 


Repeating Equation 5-13, the NEDT is used for a back-of-the-envelope 
estimation of the signal-to-noise ratio 


R 
SNR = Gan) AT f (7-3) 
NEDT 


When SNR = | and T,= 1, the minimum AT is the NEDT. The NEDT represents 


AVE — 
an uncertainty in measuring a temperature. For a given a signal-to-noise ratio, the 


range can be determined. The minimum SNR is one. Solving for R provides 


ed 
log 
AT 
P —— à. (7-4) 
log (type) 
7.2.1. NEDT MEASUREMENT 


The measurement is straightforward. The camera views a blackbody source. 
The blackbody temperature is changed and compared to a reference. This creates 
different ATs. For each AT, the differential output voltage, AV, is measured. The ATs 
and AVs are recorded and plotted. The slope, AV/AT, is the signa! transfer function 
(SiTF). Then 


NEDT = Vrus = Vous 3 (7-5) 
SUTF AV) 
AT 


where V,,,, i$ the rms (root-mean-square) value of the noise. 


7.2.2. NEDT THEORY 


Placing Equation 3-23 into a generic form (without wavelength dependence) 
provides 


AM 
AV perecror = & Rp b AT o, (7-6) 
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where the bracketed term is the thermal derivative. Since the NEDT is that input 
AT that produces a signal-to-noise ratio of one 


AV perecror =]. (7-7) 
Vrms 


Solving the above equations for AT, and calling AT the NEDT provides 


AT-NEDT--——LRMS ; (7-8) 

AM 

k R| —— 

AT 

Bringing in the definition of D* (Equation 6-10), k from the camera formula 
yields 
4F^4 
NEDT = ee . (7-9) 
Aa aD 
D | AT | OPTICS 


The thermal derivative is evaluated for a specific background temperature, 
T,. Assuch, the NEDT is a function ofthe background temperature. As the background 
temperature increases the NEDT decreases (Figure 7-5). Since target detectability 
requires that SNR = 1, as the background temperature increases, the minimum 
detectable AT decreases. 


As a system specification, the variation of NEDT with temperature is not a 
major problem. Suppose the NEDT is specified at a 20°C background. If the NEDT is 
measured at, say, 25°C then Equation 7-9 is used to scale the NEDT to a 20°C back- 
ground. As the ambient temperature drops, the NEDT increases and the uncertainty in 
temperature measurements increases. This variation depends upon the system spectral 
response. Note that the NEDT is a function of the lens f-number and optical transmit- 
tance. Changing lenses can change the NEDT. 


Since detectors have a limited spectral response, it is necessary to include 
the wave-length dependence in Equation 7-6: 


SM USO p) AT . (7-10) 


Ay 
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A 
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Figure 7-5. Relative NEDT as a function of background temp- 
erature. The NEDTS are normalized at 293K. The spectral response 
of the HgCdTe is 8 to 12 um and 3 to 5 um for the InSb detector. 
This graph is unique to the detectors and spectral response selected. 
It should not be construed to mean that a LWIR detector is better 
than a MWIR detector. Generally, the NEDT becomes excessively 
high in the MWIR region when the background temperature drops 
below 273K (0°C). 


Equation 7-8 becomes 


NEDT = nose 0o. (7-11) 


M (À, T, 
di Un B) 


Bringing in the definition of D*(A) provides the full NEDT equation: 


2 
NEDT = LLLA 00 ; (7-12) 
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7.3. SPATIAL RESOLUTION 


Spatial resolution provides valuable information regarding the finest detail 
that can be discerned. It does not include the effects of system noise nor is it directly 
related to thermal sensitivity. Spatial resolution may be specified by a variety of, 
sometimes, unrelated metrics such as the Airy disk size, the instantaneous-field-of- 
view (IFOV), imaging resolution, measurement resolution, measuring IFOV, or the 
Nyquist frequency associated with the detector pitch. The Airy disk, IFOV, and Nyquist 
frequency are calculated values. 


The attractiveness of resolution is that it permits us to estimate the smallest 
discernible target size. A back-of-the-envelope approximation provides: 


where 6, sonurron 1$ Camera’s angular resolution. Equivalently, when the target size is 


known, the maximum distance that the target that can be resolved is determined: 


Target size 


R= , (7-14) 


Ores OLUTION 


Equations 7-13 and 7-14 are valid when the distance to the target is 10 times 
the system’s focal length. Note that this range may be different than that calculated by 
Equation 7-4. The reported range should be the smaller of that calculated by thermal 
sensitivity and spatial resolution considerations. 


7.3.1. AIRY DISK 


Perhaps the most popular measure of optical resolution is Airy disk size. 
It is the bright center of the diffraction pattern produced by an ideal optical system. 
When expressed as an angle, the Airy disk diameter is 


0 Y = 2.44 Lan 5 (7-15) 
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where À yz is the average wavelength and D is the lens diameter. For example, for a 


MWIR system operating from 3 to 5 um, À pz is 4 um. For a LWIR system operating 


from 8 to 12 um, A, is 10 um. Using the Airy disk provides 


? ^ "AVE 


.44 
Target size = 0 spy ange = (22) Range . (7-16) 


7.3.2. INSTANTANEOUS-FIELD-OF-VIEW 


Detector arrays are specified by the number of pixels, detector size, and 
detector pitch. These are not meaningful until an optical system is placed in front 
of the array. Using the small angle approximation, the detector-angular-subtense 
(DAS) is 

d 
Onas 7 — > (7-17) 
f 
where d is the width of the detector's active area and ff is the optics focal length. 
The instantaneous-field-of-view (IFOV) is the angle over which the detector senses 
radiation. For most systems, the IFOV and DAS are equal: 


Orgy = pas - (7-18) 


Using the IFOV, the minimum target size is 
; d 
Target size = 0, o, Range = y Range . (7-19) 


Although the Airy disk and IFOV are treated independently, the system 
resolution is a composite of the two. The transition from the detector-limited to 
optics-limited region is gradual (Figure 7-6). Here, 


Ocomrosire 7 N PT + O roy . (7-20) 


A word of caution. Detectors are not necessarily square. Consequently 
the vertical and horizontal resolutions may be different. As an approximation, let 
the average resolution be 


Oare = NOrrov nÜtror-r. > (7-21) 
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where O rov. and 6,.,,, , are the horizontal and vertical IFOVs, respectively. The 


value 6,,, is the IFOV ofa square detector whose area is the same as your rectangular 


detector. 
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Figure 7-6. Relative composite resolution of a LWIR imaging 
system as a function of F/d. À „= 10 um. For small values of F/d, 


AVE 
the system resolution is limited by the detector. For large values of 


F/d, resolution is limited by the optics. For most LWIR systems, 
Fld ranges from 0.02 to 0.04. 


7.3.3. PIXEL-ANGULAR-SUBTENSE 


With staring arrays, the pixel is often used to denote the full cell (see 
Figure 6-7). The pixel-angular-subtense (PAS) is the angle subtended by the cell: 


d, 
Opas = 3 P (7-22) 


where d... is the center-to-center spacing (detector pitch). For 100% fill-factor arrays, 
Obss = Opas 
7.3.4. SLIT RESPONSE FUNCTION 


The slit response function (SRF) was developed many years ago when 
all thermal imaging systems had scanners. The SRF incorporated the response of 
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the optics, detector, and subsequent electronics. The SRF provides both the imaging 
resolution and measurement resolution. While commercial systems were 
characterized by these metrics, military systems always used the IFOV. These 
resolution metrics are rarely used for staring arrays. The DAS or PAS usually 
specifies staring array spatial resolution. 


The imaging resolution is that target-angular-subtense that produces a 
50% response in the slit response function (SRF) (Figure 7-7). For an ideal system, 
the DAS is twice the imaging resolution. The measurement resolution is 
approximately the smallest sized target that will be faithfully reproduced in 
intensity. Although no industry standard exists, it occurs when 0.90 « SRF « 0.99. 
It is the absolute minimum size that can be used for accurate temperature 
measurements. 
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Figure 7-7. Slit response function. The value 6, is the imaging 
resolution and the value 0, is the measurement resolution. The 
measurement resolution occurs when the SRF is greater than 90%. 


The test configuration for the SRF is shown in Figure 7-8a. The peak 
output is recorded for each target size as shown in Figure 7-8b. The SRF depends 
upon the lens system used. It should be measured with each lens system available. 
With the advent of staring arrays, the SRF has virtually disappeared. 
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Figure 7-8. (a) Generic test configuration to obtain the SRF and (b) 
output signal as a function of target size. The distance R, should be 
at least 10 times the system's focal length. Ideally, the variable slit 
is place in the focal plane of a collimator. 
7.3.5. MEASURING IFOV 


The measuring IFOV (MIFOV) is similar to the measurement resolution. 
The MIFOV is the smallest target whose temperature can be accurately measured. 
It is now the metric of choice for staring systems. 


The smallest target that can be accurately measured depends upon the 
application. In the laboratory, the camera can be carefully aligned to the target. 
Under these conditions, the MIFOV can be equal to the IFOV. In the field, align- 
ment is more difficult. If placed on a rugged tripod, phasing effects limit the 
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smallest size that can be easily measured (see Figure 6-9). Conservatively, the 
target should subtend at least three pixels or 


O urov =3Op45 - (7-23) 


Phasing effects suggest that the minimum target size should be 
Target size = 0, po, Range = 30,,,FKange . (7-24) 


However, if handheld, involuntary motion during one frame will blur 
the image. This can significantly increase the MIFOV to some unknown value. If 
the image moves by 1/2DAS, the system MTF drops significantly.! Suppose the 
DAS is 2 mrad and a frame is collected every 1/30 second. Then the blurring 
motion is 1/2 (2)(30)=30 mrad/s. This is equivalent to doing a complete 360? turn 
in 3.5 minutes or moving 3.5 times slower than the second hand on a clock. Clearly, 
this motion can easily occur with handheld devices. 


The MIFOV is a function of the lens svstem. Generally, but not always, 
zoom lenses (longer focal length) provide a smaller MIFOV. However, it should 
be verified for each lens system. 


7.3.6. NYQUIST FREQUENCY 


Because of sampling effects, the highest spatial frequency that can be 
faithfully reproduced is limited by the Nyquist frequency. The Nyquist frequency 
limit applies to periodic patterns. Periodic patterns are rarely seen in nature but 
are the pattern of choice for laboratory measurements. 


The discrete location of detectors in an array act as a sampling lattice whose 
sampling rate is 


p v M (7-25) 
dcc 
The sampling frequency is simply the inverse of the PAS: f —1/PAS. The 
detector pitch may be different in the vertical and horizontal directions. The Nyquist 
frequency is one-half of the sampling frequency: 


S ER M (7-26) 


In 2 ados 
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This is the highest MRT target that can be used with traditional laboratory 
procedures. The angle associated with the Nyquist frequency is 


Ovyourgr = 20pag - (7-27) 


7.3.7. OPTICAL ZOOM/ELECTRONIC MAGNIFICATION 


We are all familiar with zoom lenses that are used with film-based cameras. 
As the focal length increases, the image size increases. The zoom lens provides more 
target detail. In addition, since the film has very high spatial resolution, it is possible 
to enlarge the image significantly and see further detail that is captured on the film 
negative. 


This is partially true for thermal imaging cameras. The DAS decreases 
as the focal length increases and this allows you to see more detail on the target. 
Thus, a zoom lens on a thermal imaging system provides a similar capability as a 
zoom lens on a 35-mm camera (Figure 7-9). 


With the advent of digital electronics and image processing techniques, 
we can enlarge the image (zoom) electronically. Here, the system's focal length is 
constant and the resolution of the camera does not change. Rather, the new image 
is created simply be replicating pixels. Electronic zoom is equivalent to moving 
closer to the monitor or using a larger monitor. No additional detail is available. If 
excessive electronic zoom is used, the image will appear blocky (Figure 7-10). 


Some scanning systems have electro-optical zoom. Here, the scan mirror 
movement is reduced and the image is resized to accommodate the new scan 
geometry. While the displayed image appears larger (smaller field-of-view), the 
resolution has not changed since the focal length has not changed. Increasing the 
focal length increases the spatial resolution of a detector-based system. 


124 Common sense approach to thermal imaging 


(a) 
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(c) (d) 


Figure 7-9. Changing the focal length. Each square on the left 
represents the projected area on a DAS onto the target. Each square 
on the right represents the image on a monitor. (a) Normal 
projection, (b) displayed image of normal projection, (c) projection 
of the DAS when the focal length is doubled, and (d) displayed 
image of zoomed projection. The image appears twice as large on 
the monitor. The detector output is an average on the scene detail 
impinging on it. 
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(a) (b) 


Figure 7-10. Electronic zoom is simply pixel replication. Image 
(a) is identical with Figure 7-9a. The displayed image (b) is just an 
enlarged version of Figure 7-9b. Optical zoom (Figure 7-9d) 
provides more target detail than electronic zoom shown here. 


7.4. OBSERVER RESPONSE 


The eye provides significant temporal and spatial integration. The eye 
can easily perceive a well-defined target when the SNR is as low as 0.05. Here, 
well-defined means something that is easily recognized such as a square, triangle 
or alphanumeric characters. What this means is that the thermal imaging system 
may have difficulty in determining a temperature even though the target is easily 
perceived. 


Figure 7-11 illustrates target visibility as a function of SNR when noise 
is present. With low SNRs, large targets are difficult to perceive. As the SNR 
increases, modest sized targets become visible. Finally, for high SNRs, fine detail 
(high spatial frequencies) can be discerned. This figure visually illustrates that 
MRT values can be less than the NEDT. 
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Figure 7-11. Target visibility as a function of the signal-to-noise 
ratio. (a) SNR =0.5, (b) SNR =0.3, (c) SNR —0.2, and (d) SNR = 
0.1. The imagery was computer generated with the SNRs indicated. 
It was sent to a laser printer and then reproduced. The SNR of this 
printed image has not been measured and therefore this figure should 
be considered as representative. 
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7.5. MRT AND MDT 


Every time an imaging system is turned on, the observer subconsciously 
makes a judgment about image quality according to his internal rating scale. The 
military has selected the minimum resolvable temperature (MRT) and the minimum 
detectable temperature (MDT) as standard measures of image quality. 


The military uses the MRT to predict the range at which a target can be 
detected, recognized, or identified. It is now used to predict the performance of 
all surveillance systems. This section highlights the MRT concept. Chapter 18, 
Surveillance, describes how the range 1s obtained from the MRT curve. MRT and 
MDT are rarely used for condition monitoring or predictive maintenance activities. 


The MRT and MDT depend upon the thermal imaging system's resolution 
and sensitivity. MRT is a measure of the ability to resolve a 4-bar target, whereas 
the MDT is a measure to detect something. The MRT and MDT deal with an 
observer's ability to perceive low contrast targets embedded in noise. 


MRT and MDT are not absolute values but are perceivable temperature 
differentials relative to a given background. Sometimes they are called the 
minimum resolvable temperature difference (MRTD) and minimum detectable 
temperature difference (MDTD). The term difference or differential is often omitted 
because it is understood that it is a differential measurement. The MRT has become 
a standard metric of image quality. On the other hand, the MDT is rarely used. 


The theoretical MRT is 


NEDT 
MKT - K syr gjrj A FACTOR , (7-28) 


where MTF is the system's modulation transfer function and k,,, is an empirical 
constant that matches the theoretical prediction to measured values. The value 
K, ros T€ Presents various eye “filters” that interpret the various noise component. 
Because the MTF decreases as the spatial frequency increases, the MRT increases 


with increasing spatial frequency. 


The MRT curve is usually examined in three places (Figure 7-12a). First, 
the high spatial frequency asymptote is estimated. This is simply an indication of the 
maximum spatial frequency resolvable through the infrared imaging system. For staring 
arrays, the highest spatial frequency that can be faithfully reproduced is limited by the 
Nyquist frequency (Figure 7-12b). The mid-frequency value is a measure of average 
response and the low-frequency response is a measure of sensitivity. 
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Figure 7-12. Typical MRT responses. (a) Analog scanning systems 
and (b) staring array. The staring array system response is limited 
by the system Nyquist frequency. 


MRT has the same background temperature dependence as the NEDT. 
As the background temperature increases, MRT decreases (Figure 7-13). Reference 
2 provides the complete MRT equation. 
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Figure 7-13. The MRT is a function of background temperature. 
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8 
CAMERA SELECTION 


The previous chapters provided the physics of heat transfer, radiative 
properties of objects, and infrared camera design. Based upon that information 
(Table 8-1), you can select a system with the performance parameters that are 
appropriate for your application. Recall that target size is linked to the range and 
spatial resolution 


and the atmospheric transmittance also depends upon the range to the target: 
ZU. (8-2) 


The required performance parameters are intertwined with the specific 
application (the environment) and data desired. 


However, other factors must be considered before buying a system (Table 
8-2 and Figure 8-1). While this chapter discusses the features listed in Table 8-2, 
it also poses a number of questions that must be answered before selecting a 
thermal imaging system. The answers can only be obtained from the manufacturer 
after you have carefully defined your operational requirements. 


Table 8-1 
SYSTEM SELECTION by PERFORMANCE PARAMETERS 


Environment Camera 


Target temperature 
Target emissivity 
Target size 


NEDT 
Spatial resolution 
MRT 
Spectral response 


Atmospheric transmittance 
Ambient temperature 
Harsh environment 
Viewing geometry 
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953711798 


(b) 


Figure 8-1. Overheated 350-amp main circuit breaker. The high 
resistance in this poor connection has an elevated temperature of 
19°F. (a) Visible image, (b) a low NEDT allows you to see small 
temperature changes and a high spatial resolution allows you to 
see detail (system parameters), and (c) a line trace provides the 
actual temperature profile (system features). (By courtesy of Gary 
J. Weil, president, EnTech Engineering). 


Table 8-2 
SYSTEM SELECTION by SPECIFIC FEATURES 


Storage and Other 


fames Output Issues 


P /size/weight T f st 
ower/size/weig ype ot storage Cost 


Training 
Service 
Repair 


Dynamic range Storage capacity 
Frame rate Computer interface 
Image processing Data rate 
Calibration Final report 
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8.1. ENVIRONMENT 


In a harsh environment that may contain salt spray, excessive moisture, 
manufacturing effluents, or pollutants, it may be necessary protect the optics with 
an additional window. As with the optics, the window transmittance is important. 
If a window is added, then the system must be calibrated with that window in 
place for accurate temperature measurements. 


The ambient temperature affects the NEDT and may affect the calibration. 
The viewing geometry may increase the minimum target size that can be measured 
with accuracy. 


8.1.1. HARSH ENVIRONMENT 


Window materials are not completely transparent. They emit and reflect 
radiation. Windows can be heated by a variety of mechanisms. Any radiation 
absorbed will increase the temperature of the window. If mounted on a missile, 
the window can be aerodynamically heated. If near a hot source, such as a furnace, 
convection and radiation can heat the window. In all these cases, as the window 
heats up, the amount of radiation that it emits (self-emission) acts as noise in the 
same manner that atmospheric path radiance affects the signal-to-noise ratio. It 
may be possible to blow cool air across the window to reduce its temperature and 
thereby minimize emission. 


Windows can reflect radiation. Since the window is mounted on the 
system, it will reflect any radiation that originated within the system. Discuss this 
concern with the manufacturer. Narcissus, a phenomenon that does not exist in 
the visible, occurs in the infrared. Since the detector is usually cool (particularly 
true for photon detectors that are cooled to 77K), the reflected radiation consists 
of the warm housing and the cool detector. Here, the detector can actually "see" 
itself. This is the narcissus signal. Narcissus becomes more pronounced and 
annoying as the reflected image becomes more in focus. This results in a dark 
spot (cold spike) in the displayed image. Tilting the window (Figure 8-2) minimizes 
the narcissus signal. 


In a harsh environment, the window will become dirty. If a 
window is contaminated with a pollutant such as oil soot, 
how easy is it to clean? 
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Figure 8-2. Narcissus is present in all thermal imaging systems. 
Appropriate optical design reduces the narcissus signal below 
perceptibility. Flat windows must be tilted to avoid narcissus. 


8.1.2. AMBIENT TEMPERATURE 


The working environment must be considered, If working in a 
manufacturing facility, the temperature may fluctuate by 10°C (18°F). In foundries 
and furnace locations, the temperature may be an extreme. Globally, the outdoor 
temperature may range from —40 to 50°C (-40 to 122°F). At low temperatures, 
dew or even frost can build up on the lens. While generally not harmful, water is 
opaque in the infrared. This may require warm air or a dry nitrogen purge across 
the window to prevent fogging. 


Recall that the sensitivity (NEDT) is a function of the background temper- 
ature (Figure 7-5). It increases with decreasing temperatures. This means that the 
system will be noisier at low temperatures and the temperature resolution decreases. 
MWIR systems tend to have poorer (worst) sensitivity compared to LWIR when 
the ambient temperature drops. Systems are usually calibrated in an air-conditioned 
laboratory. 


Will the calibration be valid at extreme temperatures and 
does it drift? 


8.1.3. VIEWING GEOMETRY 


The simple equation 


Target size = OpEsoLuriov ® > (8-3) 


assumes that the target is normal (perpendicular) to the line-of-sight. However, 
this is not always the case. When observing a roof from a distance, you are view- 
ing it at an oblique angle. This is distorts the projected DAS (foot print). 
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Figure 8-3 illustrates the viewing geometry when looking downward. 
This typifies a roof surface where the observer is standing and is using a handheld 
camera. Figure 8-4 illustrates the footprint created during oblique viewing. 


VFOV FOOTPRINT 


Figure 8-3. Viewing geometry. The depression angle is 0. 


CENTERLINE 
| 


VFOV 
FOOTPRINT 


Figure 8-4. Keystone footprints of each pixel during oblique viewing. 
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In the center of the horizontal field-of-view, the distance to the target at 
the bottom of the field of view (when looking downwards) is 


h 


8-4 
ed V 


Rsorrom = 
sin( 0+ 


where VFOV is the vertical field-of-view and 8 is the depression angle. For the 
top of the FOV 


h 
Arp = >. 8-5 
TOP | VFO E (8-5) 
sin| 9— ———— 
2 
The vertical field-of-view footprint is 
1 1 
VFOVroorerivr = A > > oOo e G6 


aní o- 2d n0: d 


Figure 8-5 illustrates the range for a person using a handheld device. When standing, 
then the height, A, is approximately at 5.5 feet. 
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Figure 8-5. Vertical FOV footprint as a function of viewing angle 
with a 14°-VFOV system. The system is held at 5.5 feet. 
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Figure 8-6 illustrates the geometry when looking upward (e.g., viewing 
a tall building). The equations become 


A 


Rrorrom = —fT. Won ' (8-7) 
cos o- Em | 


where @ is now the elevation angle. For the top of the FOV 


4 D (8-8) 


Aim : 
d VFOV | 


eo^ 


The vertical field-of-view footprint (Figure 8-7) is 


y 


VFOV FOOTPRINT 


Figure 8-6. Viewing geometry when surveying tall buildings. 
The distance to the building is k and the elevation angle is 0. 
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Figure 8-7. Vertical FOV footprint as a function of viewing angle. The 
observer is 100 feet from the structure and system VFOV is 14°. 


For each pixel, VFOV is replaced by the DAS in the above equations. 
Now @is the depression (elevation) angle of the specific pixel. Of more interest is 
the minimum size necessary to make accurate temperature measurements. Here 
VFOV is replaced by 6,,,,.,,, (Figures 8-8 and 8-9). As the viewing angle increases, 
the minimum measurable target size increases dramatically. 
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Figure 8-8. Minimum target size that can be accurately measured 

when Oro is 3 mrad. The height is 5.5 feet (looking downward). 

If the target is very large, then it is sometimes useful to combine many 
individual pictures to create a mosaic of the overall target. If each image was 
viewed normally, it is easy to create the mosaic. If viewed at an angle, then the 
footprint varies across the field-of-view (Figure 8-10). If the angle is large, exten- 
sive computer programming is required to rectify the image. 
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Figure 8-9. Minimum target size that can be accurately measured when 
0 is 3 mrad. The distance is 100 feet or 30.5 m (looking up). 


MIFOV 


If viewing the target (e.g., a roof) from an aircraft, aircraft motion must 
be considered to rectify the image. Pitch, roll, yaw, and altitude variations distort 
imagery. These quantities are difficult to control. Ideally, you should look straight 
down to avoid oblique imagery. 


Figure 8-10. Mosaic of Harrah's Passport Casino Hotel in St. Louis. 
Each thermogram was taken at a slightly different distance and 
elevation. This produced different footprints. Although a computer 
algorithm could have rectified the image, this mosaic is adequate 
to identify problem areas. The heat loss through the windows is a 
function of the interior window dressing and room temperature. If 
the shades, curtains, or blinds are drawn, heat loss is minimal. (By 
courtesy of Gary J. Weil, president, EnTech Engineering) 
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8.2. CAMERA 


The camera can be mounted on a host of platforms ranging from handheld 
to vehicle to aircraft. With aircraft mounting the system may have to be vibration 
isolated (line-of-sight stabilized). Note that vehicle or aircraft mounting probably 
will need special brackets and mounting plates. Safety considerations limit the 
location of brackets. 


With mounted systems, are there any special restrictions? 


8.2.1. PHYSICAL ATTRIBUTES 


For handheld devices, weight and size are of concern. Here the weight 
of the entire system, including batteries and video recorder, must be included. 


For battery operated devices, how long do the batteries last? 


For all systems, ruggedized design is important. No matter how careful you 
are, the system will be subjected to shocks and bumps. It may even be accidentally 
dropped. For vehicle and aircraft mounting, the system must be able to withstand all 
stresses imposed by the engine, transmission, and flight envelope of the aircraft. 


Ruggedization is expensive and a cost-benefit trade-off must be made. If 
protecting the system from damage due to an accidental drop is too expensive, 
treat the (un-ruggedized) system with extreme care: Do not drop it! 


8.2.2. DYNAMIC RANGE 


The temperature difference between the background and the target is crucial 
to thermal imaging system design. Both the background and target are radiating a 
large amount of energy whereas the difference can be very small. This leads to 
dynamic range problems and requires careful settings of both gain and level. Dynamic 
range can be extended at the expense of the minimum measurable signal at any 
particular gain setting. 


Figure 8-11 illustrates two different gain and level settings. In Figure 8-11a, 
the input range, T, —T, , is large and it produces a large output range, V, -V, . This 
corresponds to a low gain system. Figure 8-11b illustrates a high gain system: T; T, is 
small and output range, V,—V,, is the same. In both cases, the lower voltage, V, , appears 
as black and the higher voltage, V, , appears as white on the monitor. 
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Figure 8-11. Gain and level variations. (a) Low gain and (b) high 
gain. The dynamic range is T, -T, or T,- T,. 


The voltage difference, V, -V, , is usually digitized. Thus the difference is 
broken up into discrete levels. The smallest level, the least significant bit (LSB) repre- 
sents the temperature resolution afforded on that particular gain setting. Although the 
relationship between input temperature and detector output is nonlinear, a look-up 
table in software provides a linear relationship between input temperature and camera 
output voltage. 


The dynamic range is the temperature range measured from the minimum 
temperature. The level adjustment selects that minimum value. For example, a 100°C 
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(212°F) dynamic range could measure temperatures from 0°C to 100°C (32 to 212°F), 
50°C to 150°C (122 to 302°F), or 70°C to 170°C (158 to 338°F). The minimum and 
maximum values depend upon the system design. 


We are assuming that the zero level is mapped into black and the 
maximum level (255 on an 8-bit system) is mapped into white. Any temperature 
that is less than the minimum will appear as black. We would not see it. Any 
temperature above the maximum will appear as white. We will see that target but 
the signal is in saturation and we cannot measure its temperature accurately. In 
many of the images in this book, the heated component exceeds the dynamic range 
of the imaging system. The components appear white (saturate the system). No 
detail can be seen in a saturated image. 


Suppose the input temperature range is 200°C (360°F) and an 8-bit digitizer 
is used. Then the thermal resolution on this gain setting is 200°C /256 = 0.77°C 
(1.39*F). If the gain is increased so that the input range is 100°C (180°F), then the 
thermal resolution becomes 100°C /256 = 0.39°C (0.7°F). Note that this limitation 
on thermal resolution may be much larger than the thermal sensitivity (NEDT). 


To measure the NEDT accurately, several digital levels must be devoted to 
noise. Consider a system whose NEDT is 0.1°C. With an 8-bit system, there are 256 
levels. For accurate noise measurement, assign 4 levels to noise. Then the dynamic 
range is 


DR = 256 ft) °C. (8-10) 


This represents a high gain system. With an 8-bit system, the operator must constantly 
change the gain and level settings to see all the detail present. Therefore, new systems 
digitize up to 16 bits. The number of bits selected depends upon the NEDT and the 
system's application (required dynamic range). 


As the number of bits increases, the potential thermal resolution increases. 
Table 8-3 provides the thermal resolution for a 200*C dynamic range. If the NEDT 
is 0.1°C, there is no point in using more than 13 bits because any more will simply 
be devoted to noise. That is, the thermal resolution afforded by the digital step 
cannot decrease the thermal sensitivity as specified by the NEDT. On the other 
hand, if we devote 4 levels to noise, then the maximum dynamic range with a 16-bit 
digitizer could be 


0.1 


DR = 65536 (S. -1638 °C . (8-11) 
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The required dynamic range depends upon the application (Table 8-4). General- 
ly, manufacturers select the number of bits that permit both NEDT measurements and 
full dynamic range measurements without any gain or level adjustments. This makes 
the system easier to use. However, many computer systems only support 8-bit imagery. 
This creates a challenge in image transfer from the camera to the computer. 


Table 8-3 
THERMAL RESOLUTION tor AT=200°C 


. Thermal 
Number of bits Resolution 


10 
NENNEN 


Number of Levels 


Table 8-4 
TYPICAL TEMPERATURE RANGES 


Application 


Thin film plastic, 
low temperature glass 


Temperature range 


50 to 500°C 


200 to 1500°C 
500 to 2000°C 


Glass and ceramic processing 


See through clean combustion 
flames and hot gases 


"Ambient to 100°C 
" Ambient to 50°C 
Ambient to 50°C 


Predictive maintenance 
Life sciences, medicine 
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82.3. FRAME RATE 


When taking images of static targets (e.g., roof, building, buried objects) 
or slow-moving targets (typical of surveillance activities), the standard frame rate 
of 30 Hz (US) or 25 Hz (European) is adequate. Using conventional frame rates 
ensures that imagery can be easily stored on videotape. 


For fast moving objects such as rotating machinery or viewing transient 
events as with NDT inspections, higher frame rates are usually required. Here, a 
stop-action approach is necessary and the camera must be synchronized to the 
thermal event. With sufficiently high frame rates, image blurring will be minimal. 
This is in effect a strobe light condition. For rotating equipment, you do not have 
to capture every rotation. It is usually adequate to capture every 5" or 10" rotation. 
If the rotating object has a specific hot spot, then synchronization is necessary 
(see Figure 2-18). 


Ifthe object is uniformly heated, synchronization is not needed. However, 
the image will be blurred. But this is not important for certain applications such 
as locating overheating bearings. The mechanical applications illustrated in Chapter 
16 do not require synchronization. Whether synchronization and high frame rates 
are required depend upon the application and desired results. 


Note that as the frame rate increases, the integration time must decrease. 
For example, at a 30-Hz frame rate, each frame views (integration time) the target 
for a maximum of 1/30 s or 33 ms. If the frame rate increases to 100 Hz, then the 
viewing time (integration time) drops to 10 ms. For staring arrays, the signal 
produced by the camera is proportional to the integration time. Therefore, the 
voltage produced drops as the integration time decreases. This loss in signal can 
be overcome by increasing the camera's internal gain. However, for staring arrays, 
the NEDT is inversely proportional to the square root of the integration time. As 
the integration time decreases, the NEDT increases. Thus, high frame rates can 
reduce the signal-to-noise ratio in staring arrays significantly. This reduction in 
SNR can be overcome by frame integration. The SNR improves by the square 
root of the number of frames averaged. With repetitive events, such as rotating 
machinery, frame averaging is an important image processing technique. However, 
frame averaging will degrade the image of transient events. Note that scanning 
arrays are more difficult to synchronize to a thermal event. 


This concept of noise versus integration time is similar to photographic 
film performance. For high quality, low noise imagery, slow film (e.g., ASA 100) 
is used. But the shutter speed must be long (e.g., 1/30 s). For fast moving objects, 
high-speed film (e.g., ASA 1000) is used with a commensurate reduction in shutter 
speed (e.g., 1/1000 s). However, the faster film provides a grainy (noisier) picture. 
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8.2.4. IMAGE PROCESSING 


Many cameras have built-in image processing capability. Indeed, we can 
say the modern thermal imaging systems are mini-computers with a detector 
attached. Cameras come with a large variety of image-processing software. You 
select the camera that has the software of interest to your application. For 
surveillance systems, image processing includes automatic level and gain control. 
This insures that the image is optimized regardless of the time of day. Military 
systems may also have target cuers and automatic recognizers. 


For temperature measuring devices, typical built-in functions include 
isotherms, color rendition, spot temperature measurements, temperature profile, 
and area-weighted temperature. Area weighted functions are also called region- 
of-interest (ROI) functions. Most systems offer emissivity correction that allows 
the user to enter both the target emissivity and the surrounding temperature. 


Additional image processing software can be loaded into your computer. 
Large numbers of off-the-shelf imaging processing software programs are 
available. However, you must insure that the software is compatible with the image 
format created by the camera. Although third-party software providers claim 100% 
compatibility there are always glitches. These problems are usually unknown until 
they surface in your application. It is recommended to discuss your software needs 
with the your camera manufacturer and with other users. 


Additional features, usually performed by the external computer, include 
pixel-by-pixel emissivity correction and time-temperature history. Pixel-by-pixel 
correction is useful when there are multiple targets and each has a different 
emissivity such as that encountered with printed circuit board analysis. The time- 
temperature feature allows you plot the temperature as a function of time. This is 
important for targets that undergo cycling effects: Motors, HVAC (heating, 
ventilation, and air conditioning) systems, conveyor belts, and manufacturing 
processes that turn on and off. 


Of interest is the ability to subtract one image from another. The 
comparison of two images is called’ differential infrared thermography (DIT). If 
the standard image is a baseline, then the difference will provide an image of 
components that are different from the baseline. If a preset tolerance table exists, 
then the components that are out of tolerance are highlighted. If the surrounding 
temperature is the same on the baseline and current image, the subtraction technique 
removes the surrounding temperature influence. 
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8.2.5. CALIBRATION 


Standard performance parameters were discussed in Chapter 7. All 
thermal imaging systems must be characterized, and for those that provide 
temperature measurements, calibrated. Since lenses have different f-numbers and 
different transmittances, the system must be calibrated for each lens. Of prime 
concern is how long the calibration is valid. 


How often does the system require recalibration? 
What is the repeatability and drift? 
What is the cost of recalibration? 


Finally, who will calibrate the system and how long does it take? What is 
the down time for calibration? 


To measure temperatures, commercial cameras usually have a target 
emissivity correction capability. While the manufacturers strive for excellent 
corrections, deviations may occur because you do not know the object's true emissivity. 
Error in emissivity is probably the biggest source of error in temperature measurements. 
The second source of error is not knowing the atmospheric transmittance. These errors 
are induced by the user and are not related to the system's calibration. 


8.3. STORAGE AND OUTPUT 


When operating in the field, it is necessary to store imagery for later 
interpretation. The imagery may be stored on a video tape player or PCMCIA 
card. In both cases, you must have the right computer interface to access the 
imagery. The “standard” video signal has a format that is consistent with black- 
and-white or color formats. Because of bandwidth limitations, analog signals are 
digitized into 8 bits. The camera may create more data: it may consist of 12 bits 
and have additional information such as dynamic range and level setting. If these 
additional data are present, then the computer must be able to read that data and 
also strip it off to display the image on the monitor. 


Understand your video standards. For example, RS-170 timing supports a 
detector array that contains about 640x480 elements. As a result, commercial frame 
grabbers with convert an analog signal into about 640x480 pixels. This electronically 
created pixel resolution may not be related to the resolution of the camera. Today, 
many uncooled systems only have 320x240 detector elements. Thus the system 
resolution is determined by the array and not by the computer electronics. Note that 
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in common parlance, computer monitors support 24 bits. This is deceiving. There 
are three colors and each color has only 8-bits of information (3x8 = 24). The gray 
scale is only 8 bits. 


If the camera produces more than 8 bits, how is the data 
transferred to the computer? 


Most image processing software and computer interfaces are designed to 
operate at 30 Hz (standard U.S. frame rate) or 25 Hz (standard European frame rate). 
If a higher frame rate is required, such as that required to view transient events, you 
must ensure that your frame grabber can operate at the non-standard frame rate. 


Always keep your final product in mind, which is typically the final report. 
Make sure that your computer program can easily generate that report. This includes 
text that describes the test, test conditions, and imagery. If you supply the imagery 
on a memory device (disk or PCMCIA card), then you must insure that your 
customer has the resources to view the imagery. Remember, compatible" software 
may have glitches. 


8.4. OTHER ISSUES 


It is false economy to buy yesterday's components because they are cheaper. 
In general, a less expensive system provides less capability. It may have (1) lower 
spatial resolution, (2) more noise, (3) smaller dynamic range, (4) no data storage 
capability, (5) no on-board image processing, (6) or not be ruggedized. Consider the 
cost of the entire system: camera, data storage, interfaces, battery charger, computer, 
computer program, and printers. As always, the list is driven by the application and 
desired data. Although these systems may be less costly, it does not mean that they 
will not perform for your application. For example, lower spatial resolution can 
be overcome with higher magnification optics (longer focal length). However, 
this reduces the field-of-view. 


Training issues are described in Chapter 9. It is part of the overall system 
cost and it takes time and time is money. The amount of training depends, in part, on 
the system's ease of use. Complex systems will take longer to master than simple 
systems. 


8.5. REFERENCES 


1. H. Kaplan, "An Application of Differential Infrared Thermography in Power Generation Facilities," 
in Thermosense XVII, S. A. Semanovich, ed., SPIE Proceedings Vol. 2473, pp. 67-74 (1995). 


9 
OBSERVER TRAINING 


Interpretation of the results of an infrared inspection depends upon decisions 
made by an observer. The results vary with training, motivation, and visual capacity 
ofthe observer as well as the environmental setting. To obtain any degree of consistency, 
it is assumed that the observers are qualified. 


The process of observing is somewhat a learned ability. It is a perceptual 
one, accomplished by the mind, affected by and incorporating other sensory systems 
such as emotions, learning, and memory. The relationships are many and not well 
understood. Seeing varies among individuals and temporally within an individual. 
Because each person is different, individual characteristics can affect detection 
threshold. Age, experience, personality, mood, and perception are just a few such 
characteristics. During the course of an evaluation, many changes take place that 
could influence the outcome. People learn new methods, have new experiences, change 
moods, and become fatigued. 


Whether commercial or military, the user must fully understand the operation 
of the thermal imaging system. He must understand that real targets (discussed in 
Chapter 11, Target Signatures) have fluctuating temperature distributions. Outdoor 
targets are subjected to sun, wind, and rain, each of which can dramatically change 
the target's thermal signature. For both indoor and outdoor targets, the signature depends 
upon the operating conditions. For most commercial applications, you want the target 
to be operating under full load. This should create the maximum temperature difference 
or maximum temperature rise. 


Given that a target signature exists, the observer must be trained in system 
usage. This includes selecting the appropriate field-of-view, gain, and level settings to 
optimize the displayed image and to reduce measurement error. When looking for 
relative changes over a long time period, it is necessary to set the camera to the same 
gain and level each time. 


Both qualitative and quantitative infrared techniques require a high level of 
training and understanding. The observer must have a thorough understanding of 
target signatures to separate the true target (or defect) from false anomalies. Accurate 
temperature measurements can save millions of dollars in unnecessary downtime and 
maintenance. 
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Elements of a successful training program include infrared theory and 
principles, heat transfer theory, operation of infrared equipment, how to conduct 
inspections, and temperature measurement techniques. Training should include 
application specific information, how false anomalies might look, how to analyze 
data, and how to prepare a report. Signature analysis is based upon a combined 
knowledge base of schooling, personal experience, and methods learned from 
others. 


Training is not a one-time event. One must strive for continual improvement. 
Operators need continual training to maintain current skills, learn new techniques and 
develop new applications. Training occurs in many venues, including formal short 
courses, attendance at conferences, and interaction with other industry professionals. 


9.1. CERTIFICATION 


The American Society for Nondestructive Testing (ASNT) provides 
guidelines for Level I, II, and III certification. Briefly, they are: 


Level I 
An individual with Level I certification is qualified to perform specific 
calibrations, specific tests, and specific evaluations. He/she follows writ- 
ten instructions and is capable of recording the test results. 


Level II 
An individual with Level II certification is qualified to set up and cali- 
brate equipment. He/she can interpret and evaluate results with respect 
to applicable codes and standards. He/she is thoroughly familiar with 
the scope and limitations of the method for which he/she is qualified. 
The Level II individual provides on-the-job training for Level I person- 
nel. 


Level III 

An individual with Level III certification shall have the skills and knowl- 
edge to establish techniques and procedures and to verify the accuracy 
of procedures. He/she can interpret codes, standards, specifications and 
procedures. The Level III individual will also have general familiarity 
with the other NDT methods, as well as knowledge in material science, 
manufacturing methods, and product technology. He/she shall be capable 
of conducting or directing the training and examining of personnel in 
the methods for which he/she is qualified. 
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9.2. MILITARY USERS 


The military is primarily interested in one application: To be able to 
detect and classify the enemy at a maximum range. This means that the system 
gain is maximized and this presents a somewhat noisy image to the observer. 
Although no certification exists for military users, they are trained to optimize 
system gain and level to maximize detection, recognition, and identification 
capabilities. In addition, the user must understand how environmental and 
battlefield conditions affect target signatures. Targets are more difficult to see 
during heavy cloud cover (no heating from the sun) and after rain. Water conducts 
heat away from hot spots and evaporating water cools objects. Mud and dirt act as 
insulators and thereby modify the target signature. The atmospheric transmittance 
can vary dramatically from location to location. For example, in a humid area, 
tanks may only be visible to 5 km (3.15 mi) whereas the same tank may be detected 
out to 10 km (6.3 mi) in the desert. The military user does not have the luxury of 
waiting for good weather. 


9.3. MRT OBSERVERS 


MRT is the laboratory assessment of image quality and is used to 
characterize and compare the imagery from different infrared systems. It is requires 
motivated, trained observer to get consistent results. Two different observers can 
obtain different detection thresholds (Figure 9-1) with either response being equally 
likely. The responses may be both above the average, below the average, or one 
above and one below. In addition, the same person may obtain different results 
depending upon the time of day. 


AVERAGE FROM 
MANY OBSERVERS 


EQUALLY LIKELY 
MRTs FROM 
DIFFERENT 
OBSERVERS 


MRT 


SPATIAL FREQUENCY 


Figure 9-1. Equally likely observer MRT responses. 
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Visual performance can fluctuate considerably over a period ranging from 
a few minutes to several weeks.?? The psychophysical frequency-of-seeing curve 
includes these fluctuations. At any particular moment in time, an individual's response 
may be significantly different from the population average.* MRT variability as 
high as 50% are often cited from laboratory-to-laboratory with 20% variability 
reported at one laboratory? Differences in detection criteria, test procedure, test 
equipment, as well as fatigued observers may be contributors to the variability. 


A qualified MRT observer is difficult to define. The qualified observer 
should be consistent, have a low detection threshold, and have good visual acuity. 
New observers should compare their detection thresholds to those obtained by 
existing qualified observers. As the individual's variability is reduced, he becomes 
a consistent observer. But this does not mean that he will have a lower detection 
threshold value. It simply means that he will perform consistently and that his 
particular frequency-of-seeing curve is sharp. This training may take up to six 
months. There is no industry wide standard by which to rate MRT observers nor 
any national school to train MRT observers. 


There is a myriad of methods available to test visual capacity. The 
observer should have corrected 20/30 or better acuity with corrected astigmatism. 
Visual acuity tests only provide information about how well an observer can resolve 
high contrast targets. Good visual acuity does not ensure low threshold detection 
capability. But MRT and MDT are measures of threshold detection of low contrast 
targets embedded in noise (see Section 7.4, Observer response and Section 7.5, 
MRT and MDT). 


Finally, sustained effort is required from well-trained staff to maintain 
consistency within a given laboratory. The observer must be healthy and alert. An 
operator who is neither tired or under stress should achieve the best consistency. 


9.4. REFERENCES 


1. The American Society of Nondestructive Testing (ASNT) provides general training requirements. 
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Box 28518, Columbus, OH 43228-0518. 


2. I. Overington, Vision and Acquisition, pp. 32-47, Pentech Press, London (1976). 
3. I. Overington, “Image Quality and Observer Performance,” in Image Quality, J. Cheatham, ed., 
SPIE Proceedings Vol. 310, pp. 2-9 (1981). 


4. J. P. Mazz, "Analysis of Observer Variability in the Assessment of FLIR Performance,” in Infrared 
Imaging Systems: Design, Analysis, Modeling and Testing VII, G. C. Holst, ed., SPIE Proceedings 
Vol. 2743, pp. 2-11 (1997). 


5. C. W. Hoover, Jr., and C. M. Webb, “What is an MRT? And How Do I Get One,” in Infrared Imaging 
Systems: Design, Analysis, Modeling and Testing I, G. C. Holst, ed., SPIE Proceedings Vol. 1488, 
pp. 280-288 (1991). 


10 
INTRODUCTION to APPLICATIONS 


For many applications, a change in temperature may signify a change in 
an object's operating condition. By monitoring an object's temperature, we can 
assess its "health." Any thermal anomaly, whether the presence of heat or the 
absence of heat, may suggest that a problem exists. 


Condition monitoring and predictive maintenance activities have many 
well-defined applications. Consequently, we hear the most about these activities. 
However, numerous other applications exist. The military, the early leader in 
thermal imaging system design, is primarily interested in target detection. As a 
surveillance tool, imaging systems are now used for border patrol, law enforcement, 
search and rescue, and drug interdiction. 


Less advertised areas include medical, biological, geological, and remote 
sensing applications. Many research and development (R&D) endeavors have 
employed or at least entertained the possibility that a thermal imaging system can 
provide answers that cannot be elicited by other means. 


Measurements can be either qualitative or quantitative. Qualitative measure- 
ments compare the thermal signature of one component to that of an identical (or at 
least similar) component under the same (or at least similar) operating condition. The 
object's "health" (or anomaly) is assessed by the intensity variations between the two 
similar objects without assigning temperature values. For many quality control and 
process monitoring activities, we have a baseline or “golden” thermogram. All future 
thermograms are compared to the “golden” thermogram. Any thermal difference may 
suggest a problem. 


Qualitative measurements are appropriate for those applications where the 
precise temperature is not required. These include surveillance, location of buried 
objects, roof inspections, building inspections, and geological surveys. It is also used 
to find vacuum leaks, air leaks, pipe blockage, and the fluid level in a storage tank. 


Quantitative measurements provide the true temperature of the object. 
Accurate values are required for most condition monitoring and predictive maintenance 
activities. When the temperature is outside a preset range (can be either higher or 
lower), a course of action is taken. This usually means the repair or replacement of the 
component. 
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A thermal anomaly (also called an exception, deficiency, or fault) refers 
to a component whose temperature is different than expected. The temperature 
may be either greater of less. Generally, the term deficiency or exception is restricted 
to those components that appear to be non-operational, not performing properly, 
or defective. This is most often applied to electrical and mechanical inspections. 


Applications can be described by industry (e.g., automotive), component 
generic design (e.g., motors), scientific identification (e.g., geology), or quantitative 
versus qualitative. There is no best way to place similar activities into a single 
table or chapter. For example, the automotive industry uses motors to manufacture 
cars. Motors can be described by their electrical function or mechanical function: 
windings burn out and bearings wear out. But an overheating motor may also 
indicate an electrical distribution problem. 


No book can provide details on all applications. This chapter is a potpourri 
of applications arranged in no particular order. Its purpose is to provide you with 
ideas that expand your horizon. This book covers only a very small portion (Table 
10-1). 


Table 10-1 
CHAPTER TOPICS 


Chapter 13 Building science, Qualitéti 

Building envelope inspection windows, and insulation PRING 
Chapter 14 Water ingress and solar DE 
Chapter 15 


Power distribution Power lines and transformers Quantitative 


Chapter 16 Electrical distribution 
Electrical/ Mechanical within a building, circuit breakers, | Quantitative 


inspection motors, pulleys, and gears 


Chapter 17 Storage tanks and pipe Ae ay 
Buried objects lines Qualitative 
Chapter 18 Military requirements "nm 
med emue | Quitaiv 


Chapter 19 Detection of voids, 
Nondestructive testing delaminations, and corrosion 


Chapter 20 ; "ew Qualitative 
Process/quality control Various applications and | 
quantitative 


Quantitative 
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As you read the remaining chapters, you will see many generic approaches that 
can be used for other applications. Chapter 11, Target Signatures and Chapter 12, 
Temperature Measurements are generic to all applications. Addition information 
on various applications can be found in Appendix C, Thermal Sensing and Imaging 
1980-1999. 


This book provides thermal signature theory and lists numerous applica- 
tions supported by imagery. The proper blending of experience, knowledge of 
heat transfer, and accurate data collection is required for valid data interpretation. 


10.1. CONDITION MONITORING 


Tables 10-2 through 10-5 were supplied by the Academy of Infrared Thermography. 
The table entries represent their way to classify condition monitoring and predictive 
maintenance applications. 


Table 10-2 
ELECTRICAL INSPECTION 
(By courtesy of the Academy of Infrared Thermography) 


Conditions detected 


Bus duct Unbalanced loads and high resistance in joints, 
bus plug-ins, and fuse connections. 


Poor battery terminal connections, dead cells in 
batteries, defective or inoperative contacts, or 
stand-by switches. 


Emergency power 


Lighting Poor connections and overheating ballasts. 


Unbalanced loads, shorted or open windings, 
blocked cooling passages, and overheating of 
brushes, slip rings and commutators. 


Motors/generators 


Switches, load centers, 
motor control centers, 
power factor capacitors, 
bus bars, and fuses 


Loose or corroded connections, poor contacts, 
unbalanced loads, overloading, harmonics, eddy 
currents, and hysteresis. 


Loose/deteriorated connections, overheated 
bushings, overloading, unbalanced 3-phase load, 
blocked/restricted cooling tubes, low fluid level, 
and bad pothead connections. 


Transformers 


Transmission lines, 
lightning arrestors, circuit 
breakers, conductors, 


Loose/corroded/improper connections and splices, 
inoperative capacitors, failed lightning arrestors, 
poor breaker connections, overloading, and broken 
conductor strands. 


splices, disconnects, and 
compression clamps. 
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Table 10-3 
MECHANICAL INSPECTION 
(By courtesy of the Academy of Infrared Thermography) 


Drives, conveyors, and Overloaded bearings or rollers and misalign- 
pillow blocks ment of shafts or pulleys. 


Heavy-duty equipment: Overheating brakes, tires, bearings, pulleys, 
tires, bearings, brakes, gears, gear or pulley misalignment, and 
pulleys, gears, and ball mills | transmission/gearbox overheating. 


Hydraulics Hic seals, overheating lines, and unequal 
ow. 
Air leaks, energy loss, clogged condenser/ 
HVAC systems heat exchanger tubes, and refrigerator and air 
conditioner efficiency. 
Internal combustion Valve or injector malfunction, blocked 
engines radiator tubes and oil coolers. 


High lube oil temperature, high bearing 


pa EM temperatures, drain valve blockage, steam 
generator units trap blockage, faulty stop/control valve 


operation, and leaking shaft seals. 


Defective bearings and V-belts, gearing fit, 
Presses adequacy of lubrication, and clutch and brake 
efficiency. 


Overheated bearings, high compressor 
discharge temperature, high oil temperature, 
broken or defective valves, or rings, and 
misalignment of drive belts and gears. 


Pumps, compressors, fans 
and blowers 


Table 10-4 
BUILDING/STRUCTURE INSPECTION 
(By courtesy of the Academy of Infrared Thermography) 


Conditions detected 


Bridge deck delamination, rebar deterioration and 


problems with embedded heating systems and steam 
lines. 


Heat loss, missing/deteriorated/misapplied insulation, air 


leakage, moisture problems in wall structure, dew on inner 
walls, window seal failure, and room airflow 


Determine inefficiencies in radiant ceiling panel, slabs, 
radiators, panel heaters, carpet heaters, and electric blankets. 


Leaks and moisture intrusion on flat roofs. 


2o 3 
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Table 10-5 
GENERIC APPLICATIONS 
(By courtesy of the Academy of Infrared Thermography) 


Delaminations, voids, and moisture intrusion in 
composites. Blocked surface cooling holes in 
hollow jet engine turbine blades and vanes. 
Leakage in fuselage pressurization systems, water 
egress and skin delamination. Windshield 
heating/defrost patterns. 


Aircraft: fuselage, 
composites, engines, 
propellers, brakes, and tires 


Dryer rolls Condensate build-up and high bearing 
temperatures. 
Ovens, kilns, blast Refractory deterioration and inefficient or 
furnaces, and ladles malfunctioning heaters. 


Process fired furnace 
tubes, burners and 
refractory material 


Flame impingement, coke build-up on internal 
tube surface, faulty burners, and flame analysis. 


Storage tanks for Determination of fluid levels, inadequate 
fluid products and gases | insulation, leaks, and defective valves. 


10.2. PROCESS CONTROL/QUALITY CONTROL 


Table 10-6 lists numerous industries that employ thermal imaging systems 
for process control and quality control. While the table seems long, it is in fact, brief. 
A complete list would easily create a 20-page report. 
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Table 10-6 
PROCESS CONTROL/QUALITY CONTROL BY INDUSTRY 
(By courtesy of the Academy of Infrared Thermography) 


Industry Process control/quality control 


Metal casting, refractory material, molds, conveyors, bearings, 

plastics and composite testing, bumpers, tires, spot welding, 
Automotive | defective weld tips, punch presses, forming equipment, 

lighting ballasts, paint process, paint curing, rear window 


defrosters, electronic parts, tires, brakes, 
; Product/burning zone, kiln shell, hot clinkers, and control 
Cement/Lime | of electrostatic filter for exhaust smoke purification. 
Pipe thinning, scaling, deposits, and corrosion, furnace tube 
coking, refractory, insulation, energy management, steam 
systems, material and chemical mixing, stacks, product levels, 


sludge levels, liquid level on storage tanks, exchanger fouling, 
and heat loss quantification. 


Die castings | Thermal distribution of mold surfaces, cooling channel 
and molding | blockages, prototype evaluation, and die hot spots. 


Electaice Malfunction of components on printed circuit boards, poor 
solder joints, shorts, and improper heat sinking. 


Energy loss, seals, and insulation of freezers, baking ovens, 

candy/chocolate mixing, deep fat fryers, and coffee roasters. 
Food Drying processors, conveyors, bearings, and packaging/ 

sealing. Temperature of continuous baking ovens and hot 


metal heads for packaging and sealing plastic wrap. 


Chemical/ 
Petrochemical 


Refractory material, glass, molds, annealing, and tempering 


Glass temperatures. Thermal monitoring of reinforced glass. 


Temperature monitoring during melting, pouring and rolling 
of all metals. 

Coating and printing of wallpaper and photographic paper. 
Moisture profile irregularities, drying, misaligned press rolls, 
irregular steam distribution, and bearing condition. 
Malfunctioning vacuum boxes, heat ducts, dryer hoods, 
defective press roll covers, irregular felt conditioning, and 
uneven felt construction. 


Thermoforming, bottle forming, vacuum forming, coating 
Plastics laminating, calendaring, fiber optic cable extrusion, and 
uniformity of product exiting extrusion process or mold. 
R Roof leaks, welded seam uniformity, and asphalt and kettle 
oofing ; 
mix temperature. 


Milling, mixing, molding, caiendaring, extruding, quality 
Rubber evaluation, curing, vulcanizing, tire testing, and cooling 
and rolling of hot rubber shects. 


Thm fims Web monitoring, coating laminating, blown film, 
printing, packaging, and thermal consistencies. 


Metals 


Paper 
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TARGET SIGNATURES 


A target is an object that is to be detected, located, recognized, or identified. 
Target signatures are the spatial (size), spectral (wave band), and intensity (temperature) 
features that distinguish the target from the background. Most imaging system 
applications exploit intensity differences. Signatures are the characteristic patterns 
that the thermographer must learn to identify. 


Signatures are created by an apparent temperature differential between 
the target and its background. The radiation that appears to emanate from an object 
depends upon its emissivity. This chapter describes how signatures vary with 
environmental factors. Emissivity effects are described in Chapter 12, Temperature 
Measurements. Although the temperature of the target is independent of its 
signature, there must be a signature to find the target. 


11.1. THERMAL ANOMALY IDENTIFICATION 


The difference between normal and abnormal temperature distributions 
may be determined by comparison with known objects or symmetry. The 
temperature may have been caused by mass transport, thermal capacity differences, 
energy conversion, state changes, or direct heat transfer. 


COMPARISON 

Irregularities may be noted by comparing one object with another similar 
object that is known to be good. The similar object must be subjected to the 
identical conditions. For example, when comparing the individual phases of 
a three-phase circuit, it is important that the connections be manufactured by 
the same manufacturer, have the same electrical load, same surface quality 
(emissivity), and subjected to the same environmental load (e.g., sun versus 
no sun). 


SYMMETRY 
Many objects exhibit symmetrical or asymmetrical patterns. The human body 
should be symmetrical about a vertical axis in the center of the body. Any 
asymmetry (left different from the right) may indicate a medical anomaly. 
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MASS TRANSPORT 
Mass transport occurs when a fluid diffuses through a surface. The temperature 
of the fluid will change the surface temperature. This is seen most often in 
energy conservation surveys. Heated air from a building seeps though cracks 
around windows and doors and the surface around the cracks becomes warm. 


THERMAL CAPACITY 
Objects with a high heat capacity will change their temperature more slowly 
than objects with a low heat capacity. Therefore, during a cooling or heating 
cycle, it is possible to locate a region of interest. This phenomenon is exploited 
to find moisture in roofs and fluid levels in storage tanks (Figure 11-1). It is 
the primary mechanism responsible for outdoor thermal signatures. 


VISIBLE THERMOGRAM 


Figure 11-1. A partially filled water storage tank. The bottom layer 
is sludge. The next is water and the dark band is a floating roof. 
The sludge, water, roof, and air above the roof have different heat 
capacities and therefore have different heating and cooling cycles. 
The sun provides the energy to heat the tank. (By courtesy of 
Advanced Integrated Technologies). 


ENERGY CONVERSION 
All electrical components (e.g., wires, connectors, electronics, transformers, 
and lights) dissipate energy through resistance. This energy is converted to 
heat and increases the temperature of the object. Similarly, all mechanical 
devices encounter friction. Friction creates heat. 


Target signatures 159 


STATE CHANGE 
State changes delay temperature changes. For example, the sun will directly 
heat a dry roof. If there is standing water, a significant amount of the sun's 
energy is expended on water evaporation. Suppose moisture entered the roof 
and then froze because of very low temperatures. As the environment warms 
up, the roof temperature will remain near 32°F (0°C) until all the ice has 
melted. 


DIRECT HEAT TRANSFER 
Direct heat transfer is simply heat conduction. It is used to study a wide variety of 
applications, including the efficiency of brakes, the cooling efficiency of radiators, 
and the quality of composite materials. Poor heat conduction could mean blocked 
pipes, a clogged radiator, and hidden defects such as poor bonding, delaminations, 
or inclusions in multilayer composite structures. 


11.2. THE ENVIRONMENT 


The thermal signature is an integral part of its environment. Heat flows 
by conduction and convection and all objects radiate energy. Figure 11-2 illustrates 
the various sources of heat. Which component dominates depends upon the specific 
scenario. Note that heat may be lost or gained during a state change (e.g., melting 
of ice or freezing of water). 


All objects eventually reach a steady state condition (thermal equilibrium). 
At steady state, heat gain is balanced by its heat loss. When at steady state, the 
temperature of the object can be measured without ambiguity since it does not change 
with time. Mathematically, 


Qoar = Gross (1-1) 


and the temperature remains constant. 
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Figure 11-2. The environment affects the temperature ofthe object. 
Friction, fuel combustion, and energy conversion are sources of 
energy. The object's temperature depends upon the operational state 
and condition of the component. 


The background can vary with application (Figures 11-3, 11-4, 11-5, and 
Table 11-1). The background may be natural (ocean, forest, desert, clouds, sky, or 
snow) or manmade (building, road, or walls). A vehicle viewed from the air could 
have diverse backgrounds such as sand, grass, water, concrete, asphalt, or dirt. Since 
vegetational growth varies with season, there is also a seasonal variation in the target 
signature. Similarly, a ship may have the sea or the sky as a background. A helicopter 
may have cold sky, clouds, mountains, or vegetation as a background depending upon 
the location of the observer with respect to the helicopter. In each case, the apparent 
target-background signature (apparent temperature) is different even though the target 
temperature is constant. 
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AERIAL 
VIEW 


TREES, 
MOUNTAINS 


UPWARD 
VIEW 


PATH 
Figure 11-3. Power line inspection. The background can vary 
according to the viewing angle. Although the target temperature is 
constant, the AT varies. With slant path viewing, the apparent 
temperature of the background depends upon the atmospheric 
transmittance, 


Figure 11-4. Solar heated utility pole. The sky is very cold. Solar 
heated connectors can be confused with defective connectors that 
are heated by undesirable electrical energy dissipation. (By courtesy 
of IRcameras.com). 
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Figure 11-5. Military signatures vary with viewing angle. (a) Air-to- 
ground, (b) ground-to-ground, (c) ground-to-air, and (d) air-to-air. 


Table 11-1 
REPRESENTATIVE SIGNATURES 


Application Targets Backgrounds 
Surveillance People, vehicles, 
boats, small planes 


| Buried objects | | Buried objects | ects | Ground | 


Vegetation, dirt roads, water, sky 


Vegetation, dirt, sand, rocks 


Lm (wall, floor, machinery, storage 
containers) or hot objects (boilers, 
ovens, steam lines) 


Vegetation, dirt roads, 
water, sky, pavement 


Motors, 
conveyor belts 


Electro-mechanical 


: Power lines 
Power generation ? 


Deep space is very cold. If the atmospheric transmission is high, the sky 
will appear cold. As the atmospheric transmittance decreases, the path radiance 
increases and the sky appears warmer. Aircraft high in the sky may be against a 
260K background. The same aircraft, when near the horizon, may be against an 
effective 293K background (See Figure 5-8). Extensive graphs on sky radiance 
can be found! in The Infrared and Electro-Optical Systems Handbook. 
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11.3. PASSIVE TARGETS 


Passive targets rely on an external heat source to create a temperature 
differential. Outdoors, the sun is that source. Table 11-2 lists the heat transfer 
mechanisms that exist outdoors (see also Figure 11-2). 


Table 11-2 
OUTDOOR HEAT TRANSFER 


Heat Gain Heat Loss 


Solar energy 
Radiation from clouds Radiation 


Radiation from surrounding objects Conduction 
Convection Convection 
State change State change 
Conduction 


Because the environment is constantly changing, the temperature of outdoor 
objects is constant changing. The intensity ofthe sun and direction constantly changes 
during the daytime. Buildings and trees may create shadows. To minimize 
environmental variations, measurements are often taken at nighttime (no solar loading) 
and with minimal wind speeds (reduces convective cooling). 


11.3.1. SOLAR HEATING 


Solar loading depends upon the season. In northern latitudes, maximum 
exposure occurs during June 21 and minimum exposure occurs during December 
21. The sun angle also changes so that a slanted roof will receive different loading 
depending upon the sun angle. 


All materials with high absorption in the solar spectral region will heat 
up. The temperature will depend upon the absorption coefficients at the solar 
wavelengths (q@,,,,) and the emissivity in the infrared (€,,) where it re-radiates 
most of the energy. The current temperature of a target is a time history of radiation 
exchange between it and the environment. 

If Œ yy Er 1S high, the target will heat up. If Œ yy E low, it will not. 
Polished metals have a high ratio. If you leave metal tools out in the sun, they 
almost become too hot to handle. White paint has a low ratio whereas black paint 
has a high ratio. Consequently, white cars remain cool and black cars become 
quite hot. A roof with white asphalt shingle will not be as hot as a black roof. The 
ratio &&, ,/£,, is very important to spacecraft design to avoid overheating. 
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Naturally occurring objects such as trees, grass, rocks, and earth are heated 
passively through the absorption of solar energy. Daily heating begins at sunrise, and 
after midday, solar loading declines and natural objects begin to cool. After sunset, 
the background temperature approaches the air temperature. Low heat capacity objects 
such as grass, leaves, and the soil surface tend to track the solar radiation. When a 
cloud passes, these naturally occurring objects cool rapidly. Dense (high heat capacity) 
objects, such as rocks and tree timber, heat and cool slowly. 


Since all objects have different absorption coefficients at the solar 
wavelengths, different emissivities, and different heat capacities, they heat up 
and cool at different rates (Figure 11-6). Therefore, target signatures are a function 
of all these parameters. 


Figure 11-6. A passively heated storage tank. The tank is about 
50% full. The morning sun has heated the ends of the cradle. The 
tank shields the lower portion of the cradle. This part will always 
be near ambient temperature. The top of the tank has also been 
solar heated. The solar heated area will cool in the afternoon. (By 
courtesy of the Academy of Infrared Thermography). 


The amount of solar radiation absorbed depends upon the condition ofthe target's 
surface (e.g., covered with water from recent rain, dew, dirt, or mud). The 
temperature of large thermal mass objects such as armored vehicles tends to lag 
terrain temperatures. Thus the terrain will heat or cool faster than a parked armored 
vehicle and both positive and negative contrasts are possible. 
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As the sun rises, it heats that part of the target that faces east. During this 
time, the west side may still be cooling. Simultaneously, the grass on the eastern 
side will heat up. When viewing the western side in the morning, you see a cool 
side against a background that has heated. During the late afternoon, the situation 
is reversed. The east side is in a shadow and may start to cool while the west side 
starts to heat up. Figure 11-7 illustrates the diurnal cycle for different parts of a 
military tank. Depending upon the viewing angle and time of day, the target and 
its background may be at the same apparent temperature. This is known as thermal 
Crossover. 


RELATIVE AT 


6 7 8 9 10 1112 1 2 3 4 5 6 7 8 
AM Time of Day PM 


Figure 11-7. Representative ATs for a military tank on a grassy 
background for a northern latitude. As the sun's angle changes, 
different sides are heated. (From reference 2). 


Figure 11-8 illustrates a typical diurnal cycle. At thermal crossover (AT=0), 
the target cannot be detected. Note that while the AT has approached zero, both the 
target and background are still radiating energy. It is still possible to measure the 
target temperature (using the appropriate emissivity correction). However, with zero 
AT, you cannot find the target. 
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Figure 11-8. A typical AT diurnal cycle. The AT will vary according 
to season, location, and solar loading. This curve represents the 
area-weighted average AT for the front view of a military tank 
during a typical European summer day. (From Reference 3). 


Figure 11-9 illustrates a typical diurnal cycle of houses in eastern 
Massachusetts. On January 15, the sunrise is about 7:15 AM and the sunset occurs 
about 4:30 PM. As a southerly view, the sun rises to the left and sets to the right of 
the houses. The metal slide always reflects the cold sky and appears dark in all 
images. The slide casts a shadow on the grass and that portion of the grass remains 
cool. The sun's location can be estimated from the location of this shadow. 


At 10:00 AM, the sun heats the easterly side of the houses. By 1:00 PM, 
the scene becomes quite warm. The large temperature difference between the 
cold sky (black) and warm houses (white) exceeds the dynamic range of the 
imaging system. As a result, the thermogram appears partially saturated. The 
eastside of the houses is cooling and appears to be near the same temperature as 
the northerly sides. In the afternoon, the windows have experienced a contrast 
reversal. They are now warmer than the side. By 4:30 PM, the grass (low thermal 
capacity) has cooled significantly but the bushes retain some heat. 


In the evening, the interior temperature heats up the windows and other 
uninsulated areas. By 10:30 PM, the temperature differential is small. The imaging 
system's gain has been increased to see this small AT, but it also increases the 
noise. Equivalently, the AT is near the system's NEDT so that the imagery appears 


“snowy.” 
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(g) 
Figure 11-9. Wintertime (January 15) diurnal cycle taken with a 
LWIR uncooled microbolometer thermal imaging system. (a) 
Visible image taken at 10:00 AM. The thermograms are taken at 
(b) 10:00 AM, (c) 1:00 PM, (d) 3:15 PM, (e) 4:30 PM, (f) 6:30 PM, 
and (g) 10:30 PM. (By courtesy of IRcameras.com) 
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11.3.2. CLOUDS 


Passing clouds modify the target signature. A heavy overcast lasting several 
days will nearly obliterate any signature as the earth and any target reach thermal 
equilibrium. Clouds block solar radiation and impede the heat transfer to the sky. 


Depending upon the application, cloud cover can either be detrimental or 
helpful. No cloud cover is required when viewing objects that are passively heated. 
High cloud cover helps when the object is actively heated. For roof inspections, a 
clear evening following a sunny day is ideal. For building envelope inspections, cloud 
cover prevents solar gain thereby permitting daytime inspections. To find underground 
leaks, cloud cover eliminates the solar gain that could mask the leak. For outdoor 
electrical inspections, cloud cover prevents solar gain. 


11.3.3. WIND 


Wind is equivalent to forced convective cooling. Although there is no industry 
wide standard, it well recognized that wind reduces target signatures and target 
temperature (see Table 2-6 and Figure 2-10). Knowing the wind speed is vital to 
thermographers. The thermal images and temperatures observed during building 
(Chapter 13), roof (Chapter 14), and outdoor electrical (Chapter 15) inspections are 
dramatically affected by wind speed. For qualitative measurements such as building 
and roof measurements, a wind speed less than 15 mph (24 kph or 6.7 m/s) is probably 
adequate. Quantitative measurements require conditions that are more restrictive. Wind 
speeds must be less than 10 mph with less than 5 mph (8 kph or 2.2 m/s) desirable. 


Table 11-3 is a guide for estimating the wind speed. Although the Beau- 
fort scale has 13 categories ranging from calm (0) to hurricane (12), only the first 
six are of interest to the thermographer.* Higher wind speeds will significantly 
reduce temperatures and are well above recommended values for testing. High 
gusts of wind have a definite cooling effect on surface temperatures. Building 
projections may alter the wind speed and may locally increase the wind speed. 
This is evident in cities with tall buildings. The wind channeled through the streets 
can have a much higher speed than the overall average wind speed. 
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Table 11-3 
BEAUFORT WIND SCALE 


Beaufort Wind speed 
Number mph | kph m/s 


Description 


Calm «0.4 | Smoke rises vertically 


; Direction of wind shown by 
0.4-1.3 : 
Light air smoke, but not wind vanes 


Light 1.8-3.1 


| breeze 


Wind felt on face. Leaves 
rustle, wind vane moves. 


Leaves and small twigs in 
constant motion and wind 
extends a small flag 


Conte 3.6-5.4 
breeze 


Wind raises dust, loose 
paper and small branches 
move 

| Small-leafed trees begin to 
8.5-10.7 | sway, crested wavelets form 
on inland waters 


Moderate 5 8-80 
breeze 


Fresh 
breeze 


11.3.4. RAIN AND SNOW 


While raining or snowing, solar loading is typically zero. Simultaneously, 
the high thermal conductivity of water aids in heat dissipation so that the scene is 
washed out. Evaporative cooling will remove additional heat. For several hours 
after a heavy rainfall, target signatures are faint. Target temperature measurements 
will not be accurate when there is standing water or snow. 


11.3.5. THE SCANNING WINDOW 


Climatic conditions and temperature extremes can have a significant ef- 
fect on both the thermal signatures and the operation of the imaging equipment. 
The scanning window is the time available to make good measurements. The 
signal-to-noise ratio, SNR, can be estimated from the back-of-the-envelope sen- 
sitivity approximation 


A 
oNR = AT (11-2) 
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The range is zero at thermal crossover. The amount of time the SNR is below a 
measurable value depends upon the NEDT, the atmospheric transmittance, and 
the AT. 


Figure 11-10 provides the SNR for the data given in Figure 11-8. The 
SNR must be above a threshold for good imagery. Although measurements could 
be performed anytime, they should be performed when the temperature is fairly 
constant. Testing should be performed during times of the day or night when the 
solar radiation or lack of solar radiation would produce the maximum tempera- 
ture differential (Figure 11-11). As illustrated in Figure 11-12, the scanning win- 
dow is reduced by cloud cover, rain, wind, and low atmospheric transmittance. 
Note that this approach assumes that the signature can be seen equally well dur- 
ing the day and the night. Sun glints often force nighttime viewing. 
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Figure 11-10. Representative SNR. The scanning window is the 
amount of time that the target signature is above threshold (Rela- 
tive SNR = 1). This scanning window is about 19 hours. Both the 
negative and positive contrasts illustrated in Figure 11-8 are de- 
tectable. 
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Figure 11-11. Aerial view of a bridge deck during the day. The 
road surface has delaminated from the supporting structure cre- 
ating voids (dark areas). Tires polish the road surface and thereby 
change the emissivity. Thus, the traffic lanes become discern- 
ible. (By courtesy of the Academy of Infrared Thermography). 
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Figure 11-12. Adverse weather conditions reduce the scanning 
window. This window is about 9 hours. Although still a significant 
amount of time, ideal conditions provided a 19-hour window (Figure 
11-10). 
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11.3.6. OUTDOOR CONSIDERATIONS 


Figure 11-13 illustrates an aerial roof survey taken during the day. The 
sun, clouds, sky, and trees contribute to the radiation impinging onto the roof. 
The airplane also adds radiation. Figure 11-14 illustrates another roof survey. 
Here the roof is cooler due to the shading by a tall building and trees. The effect 
of adjacent buildings varies with the location (Figure 11-15). 


Figure 11-13. The entire environment affects the target temperature. 


Figure 11-14. Tall buildings and trees minimize solar loading. 
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Figure 11-15. Building temperatures can differ in commercial and 
residential areas. 


11.4. EMISSIVITY VARIATIONS 


Although heat transfer mechanisms are well known, we do not measure 
the temperature directly. We measure the radiation that appears to emanate from 
the target. This measured radiation is due to target self-emission, path radiance, 
and reflections. The emissivity depends upon the surface quality and surface shape 
(geometric properties). The reflectivity, of course, depends upon the same factors. 
Surfaces may be smooth or rough. A polished surface provides a specular reflection 
(Figure 11-16). Polished surfaces can easily provide sun glints. 
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Figure 11-16. Surfaces can be either diffuse or specular. Polished 
metals provide a specular reflection (very low emissivity) whereas 
rough surfaces like asphalt shingles and brick create a diffuse surface 


(high emissivity). 


The effects of a polished surface are illustrated in Figure 11-17. The 
aircraft's specific signature depends upon the exhaust plume, scattered and reflected 
radiation (earthshine, sunshine, skyshine), internal heat sources, and aerodynamic 
heating. Depending upon the viewing angle and background, the wings and 
fuselage may appear either warmer or colder than the background. The engines, 


of course, are always hotter than the background. 


Glass is also a polished surface (Figure 11-18) and can be quite reflective. It 
is always reflective in the LWIR region (See Figure 4-12). As with all flat surfaces, 


the reflectivity increases as the angle if incidance increases (See Figure 4-4). 


SKY 
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EMISSION 

EMISSION FROM EARTHSHINE 
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Figure 11-17. An aircraft signature cannot be separated from 
the environment. Earthshine, skyshine, sunshine, and cloudshine 
affect the apparent target temperature. 
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Figure 11-18. A visible image of a glass building that clearly 
illustrates reflectivity. The arrow points to an area where substantial 
heat loss is occurring. The heat loss can only be seen with a thermal 
imaging system. The thermogam is not shown. (By courtesy of 
Gary J. Weil, president, EnTech Engineering). 


Most metals have a low emissivity (appear very reflective) when 
manufactured. Upon exposure to the weather and pollutants, they oxidize. Oxidized 
surfaces often have a relatively high emissivity. In machinery and motors, elevated 
temperatures can accelerate the oxidation process. 


The magnitude of a solar glint depends upon the surface emissivity. If 
the emissivity is near unity, there are no reflections. As the emissivity drops, the 
reflectivity increases. While nighttime measurements avoid the solar glint problem, 
they are still plagued with reflectivity problems. If the reflectivity is high, then 
the thermographer’s body may provide the heat source for a reflection. Outside, 
the sky is very cold and the object may appear cold (e.g., the slide in Figure 11-9). 
On the other hand, clouds have higher temperatures and the reflection may not be 
very noticeable (although it is still there). 


Solar reflections appear as hot spots. They are unique to the angle at 
which the target is viewed. By changing the viewing angle, it is easy to determine 
if the hot spot is real or a reflection. Real hot spots will not move whereas the 
reflection will change or disappear (Figure 11-19). Emissivity differences create 
apparent temperature differences. If a spot on the target were truly hot, then there 
would be a temperature gradient due to heat conduction. An emissivity difference 
would not create a gradient. Consider paint chips on a piece of metal. The chips 
would be detected even though they are the same temperature as the metal and 
there would not be any temperature gradient. 
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Figure 11-19. Solar glints occur when the angle of reflection 
equals the angle of incidence. By changing the viewing angle, 
sun glints should disappear. With multi-faceted or curved 
surfaces, solar reflections will appear at a variety of angles. 


11.5. ACTIVE TARGETS 


Active targets are those that generate heat. Fuel combustion, friction, 
chemical reaction, and electrical energy dissipation create heat. The amount of 
heat generated depends upon the operational state. Engines running at full throttle 
produce more heat than those at idle. The amount of heat generated by electrical 
energy dissipation depends upon the resistance and the current. While passively 
heated targets may experience thermal crossover, active targets generally do not. 


Indoor targets are not affected by the sun, clouds, or sky (Table 11-4). 
However, forced convection may be significant if cooling fans are present of if 
the target is near an HVAC (heating, ventilation, and air-conditioning) duct. 


Table 11-4 
INDOOR HEAT TRANSFER 


Radiation from surrounding objects | Radiation to surrounding objects 
Convection Conduction 


Energy from operation Convection 
State change State change 
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11.5.1. VEHICLES 


Fuel related heat sources occur whenever the engine is operated and is 
nearly independent of vehicle motion. If the engine is water cooled, the engine 
compartment temperature is usually below 212°F (100°C). If the heat is piped 
into the passenger compartment for personnel heating, then that also will appear 
warm. Because of heat transfer, the engine compartment does not appear as a 
well-defined area but as a blob with a diffuse edge as the heat dissipates. Engine 
mufflers and exhaust pipe temperatures run quite high. These heated areas can be 
seen at very long distances. However, these areas are localized and therefore may 
not be oriented toward the imaging system. Consider, for example, the thermal 
image of a car. The engine compartment and grill will be clearly visible from the 
front whereas the rear view may provide only a small heated exhaust pipe. 


Frictional heat is only generated when the vehicle is in motion. The heat 
is less intense than that created by the engine. Tracks, road wheels, drive sprockets, 
support rollers, and shock absorbers are the frictionally heated features on military 
tanks. Wheeled vehicles generate heat in the tires, shock absorbers, drive shafts, 
transmissions, axles, and differentials (Figure 11-20). Frictionally heated cues 
differentiate wheeled vehicles from tracked vehicles. 


Figure 11-20. Moving truck. The engine compartment and 
exhaust are easily seen. Friction between the road and tires will 
always heat up the tires. At grazing angles, a paved road surface 
becomes reflective and reflects the heat from the underside of 
the truck. The front brakes on most vehicles provide about 70% 
of the stopping power. As a result the front wheels are typically 
warmer than the rear wheels. Since this is a wintertime image, 
the heater in the cab is on and is warming the window frame. 
(By courtesy of IRcameras.com). 
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If the vehicle is moving rapidly or if there is a large wind, both fuel 
related and friction related temperature gradients may be reduced. For military 
vehicles equipped with weapons, the gun tube can be significantly hot after firing. 
For high-speed aircraft, aerodynamic heating also provides a signature. 


For several hours after a heavy rainfall. target signatures are faint. Water 
and mud reduce frictional cues through cooling and insulation. Wind aids in heat 
transfer so that under moderate wind conditions, target temperatures will be lower 
than under still air conditions. 


11.5.2. SMALL TARGETS 


There are many small active targets such as electrical components and 
bearings. If significant conduction occurs, then the temperature at the fault will 
be much lower than without conduction. This means faulty components may not 
exhibit a high temperature (Figure 11-21). 
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Figure 11-21. Heat conduction reduces the maximum temperature 
at the fault. 


11.5.3. ESTIMATE OF THE SCANNING WINDOW 


Under most situations, the scanning window is open as along as the tar- 
get is active. However, there are special cases. Lyberg et. al? were looking for 
heat losses from a buried heat distribution system in southern Sweden. Since this 
was performed from an airplane, low-lying clouds would obscure the ground. 
They estimated the number of hours available for aerial detection based upon the 
various criteria previously mentioned in this chapter. The following data should 
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be used as a guideline. Clearly, the number of hours available depends upon geo- 
graphic location and the criteria depend upon the application. 


Lyberg et. al. proposed the following meteorological criteria (in order of 
decreasing importance): 


1. No precipitation (rain or snow) 
2. Air temperature between 2°C (36°F) and 15°C (59°F) 
3. Relative air humidity below 93 % 


4. Cloudiness less than 2/8 or cloudiness less than 7/8 if the cloud base is above 
2000 ft cloud 


5. Wind speed below 5 m/s (11 mph). 


Since the aircraft will fly at an altitude of less than 2000 feet, it is impor- 
tant that there be very few clouds below 2000 feet (cloud cover less than 2/8). The 
cloud cover above 2000 feet is of less importance for active targets. Table 11-5 
provides the total number of hours per year available to the scanning window. 
Using these criteria, tests could be performed only 12% of the time. Table 11-6 
provides the number of occasions of different duration that are available for aerial 
thermography in the Stockholm region. It is striking that the hours available for a 
single flight are relatively small. The average is only 3.5 hours. 


However, there is a tendency for a concentration of the acceptable hours 
to be in certain months. This necessitates a concentration of aerial thermography 
to a number of occasions of very short duration. This requires a high degree of 
preparedness and access to detailed, short-term, weather forecasts. 


Colantino? performed numerous building envelope inspections with 
emphasis on historic buildings in Northern Italy. To create an adequate thermal 
signature, he determined that the outdoor temperature must be greater than about 
7*C and the relative humidity must be less than 7096. In Northern Italy, the number 
of days available for inspection is less than 180 days per year. 


The scanning window depends upon the application (building inspec- 
tion, roof inspection, surveillance, etc.), temperature, wind speed, path length 
(atmospheric conditions), and sun location. These vary with geographical loca- 
tion. Conditions (and hence the scanning window) can vary between locations 
that are only a few miles apart. 
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Table 11-5. 
REPRESENTATIVE NUMBER of HOURS 
AVAILABLE in SOUTHERN SWEDEN (From Reference 5) 


Meteorological criterion | Hours lost Ours Remaming 
remaining | percentage 
Number of hours in a year l 8760 100% 
Precipitation 2000 6760 77 
Air temperature below 2?C 1500. 5260 60 
Air temperature above 15?C 1300. 3960 45 
Relative air humidity above 9396 700 | 3260 37 
Cloudiness between 3/8 and 6/8 900 - 2360 27 
Cloudiness above 7/8 and cloud 
base below 2000 ft 600 l 1760 1 
Cloudiness below 2/8 during 500 1260 14 
daytime l 
Wind speed above 5 m/s 200 1060 T 


Table 11-6 
NUMBER of OCCASIONS in a YEAR 
AVAILABLE for AERIAL THERMOGRAPHY 


Total number 
of occasions 
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11.6. LIMITED ACCESS COMPONENTS 


Nearly all electrical and moving mechanical components have safety 
enclosures. Circuit breakers, fuses, and switches are usually inside electrical boxes. 
Panels must be removed to view the defective components. Only trained personnel 
should remove these panels. Depending upon the size of the enclosure and the 
proximity of the electrical components to the panel, removal may upset thermal 
equilibrium. That is, panel removal upsets the local environment and the 
temperature measured may not be representative of the true temperature when the 
panel is in place, Further, for electrical inspections, the current must be measured. 
In some situations, the panel can only removed after the power has been turned 
off. The problem is that the power outage represents equipment shut down. Factory 
personne] would probably recommend shut down during an off-peak period. 
However, to measure the maximum temperature, we want to measure during 
maximum current time (peak period). This is further described in Chapter 16, 
Electrical/mechanical inspection. 


Most machines have safety shrouds. The shroud limits your view of 
rotating parts. If the shroud is solid, it must be removed. Generally, the shroud 
can only be removed after the machinery has been turned off and this upsets 
thermal equilibrium. During removal, the components will cool down. Some 
shrouds consist of wire mesh. In this case, a thermogram can be taken. The ability 
to measure the correct temperature depends upon the size ofthe wire mesh opening 
and the system's MIFOV. 


A front surface mirror allows you to view the backside of a component 
(Figure 2-18). The mirror surface can be polished gold, silver, or aluminum. These 
mirrors are available from most laboratory supply houses. These materials are 
soft and scratch easily. It is possible to buy mirrors with a durable overcoat. Verify 
with the supplier that the overcoat does not adversely affect the reflectivity. While 
the reflectivity of these materials is high, it is not 10096. For scientific studies, the 
reflectivity must be taken into account when estimating the temperature of the 
object. 


Regular mirrors (those used in every day living) are back surface mirrors 
(Figure 11-22). The glass protects the silver or aluminum surface from scratching. 
Upon careful examination, you can visually see multiple images. This is due to 
reflections between the rear-silvered surface and the front surface. As illustrated 
in Figures 4-11 and 4-12, glass is opaque in the LWIR region and partially opaque 
in the MWIR region. Regular mirrors cannot be used for infrared inspection. 


182 Common sense approach to thermal imaging 


REFLECTIVE 
COATING 


N 


FRONT SURFACE MIRROR REAR SURFACE MIRROR 
(a) (b) 


Figure 11-22. Front surface (a) and rear surface (b) mirrors. 
Only front surface mirror can be used for infrared testing. 
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12 
TEMPERATURE MEASUREMENTS 


With non-contact measurements, there is no way of knowing what the 
actual temperature is! We only measure the radiation that appears to emanate 
from the target. The total radiation includes the self-emission of the target (a 
function of the emissivity and temperature), reflected ambient radiation, and path 
radiance. It is possible to calibrate a thermal imaging system such that its output 
is proportional to the object's temperature. Key to this calibration is knowing the 
object's emissivity and ambient temperature. Path radiance can be considered 
small if the spectral response of the system coincides with those regions where 
the atmosphere is fairly transparent. This, of course, implies a relatively short 
path length. This is typical for most condition monitoring activities. 


For most surveillance applications, the emissivity of the target is 
unknown. While the emissivity of new paint may be known, the surface of the 
target may be oxidized, covered with dirt, or wet. Likewise, the temperature of 
the immediate environment surrounding the target is often unknown. As such, it 
is extremely difficult to make accurate temperature measurements. Further, with 
long path lengths, path radiance could be significant. Therefore, surveillance 
activities only provide qualitative results: can we detect, recognize, and identify 
the target? For convenience, the military attaches an apparent temperature to each 
target. This serves as a standard against which systems are designed. For example, 
a military system may be designed to detect a tank at 10 km (6.3 mi) whose 
apparent differential temperature, AT ,,,, , 7» 15 0.1°C. This is further discussed in 
Chapter 18, Surveillance. 


12.1. APPARENT TEMPERATURE 


An apparent temperature exists when the emissivity is less than one. The 
Stefan-Boltzmann law is used for illustrative purposes. The actual radiation detected 
depends upon the spectral response ofthe system. Neglecting atmospheric effects, the 
amount of radiation reaching the detector that is emanating from an opaque target 1s 


4 4. 
M weaAsugED = WET, +pTs) . (12-1) 
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We assume this radiation is from an ideal blackbody whose apparent 
temperature is 


M weasuRED = OTAppARENT > (12-2) 
Solving these two equations provides 


1 
T'APPARENT = (E77 e pri y^ , (12-3) 


where p = 1-e. If the emissivity is one, then the apparent temperature is equal to 
the true temperature. When the emissivity is zero, the target appears as the same 
temperature as the surroundings. Intermediate values of the emissivity provide 
various apparent temperatures (Figure 12-1) 
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Figure 12-1. Apparent temperature as a function of emissivity. 
T,= 293K. 


The apparent temperature differential is 


1 
4 4 4 A 
AT 4PPARENT = | r7; -ppT$)-(Eg7p -PTs )| (12-4) 


Note that even if the target temperature and background temperatures are the 


same, AT ,,, 7 CaN exist if the emissivities are different. For many condition- 
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monitoring activities, the temperature of a tested component is compared to the 
temperature of a good component. That is, we measure the AT APPARENz OCtween 
the tested component and the good one. Here, it is assumed that the emissivities 


(and reflectivities) are the same: 


y 
AZ apparenr =| Er Tresrep — Toon | T % (12-5) 


In this case, the contribution from the reflected radiation cancels. The good 
component imagery was previously called the baseline or “golden” thermogram. 
When AT , ppsrenr Qe Viates by a preset amount, the tested component must be 
repaired or replaced. 


12.2. TEMPERATURE CALIBRATION 


When calibrating a thermal imaging system, we view a standard laboratory 
blackbody whose temperature is known. In the laboratory, the path length is small so 
that we can assume that the atmospheric transmittance is unity. This also means that 
the path radiance is zero. Since calibrated black bodies have unity emissivity, the 
output voltage is 


V CALIBRATION — ARpM BB ° (12-6) 


Calibration is straightforward. The camera views a blackbody source 
and the voltage output is recorded for each temperature. Then a table with the 
inverse relation is created (Figure 12-2). This becomes the software look-up table. 
Now the thermal imaging system output can be in units of temperature (Figure 
12-3). 


This calibration is only valid when the target is an ideal blackbody and 
the atmospheric transmittance is unity. Changing the lens may change the f-number 
and the optical transmittance. Ideally, the calibration should be performed for 
each lens available. Chapter 4, Emissivity, provided guidelines on selecting narrow 
filters for accurate temperature measurements of furnaces (flame filter), and a 
variety of filters for plastic. The system must be calibrated with these filters in 
place. If the filters are changed, then the system must be recalibrated. 
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Figure 12-2. Temperature calibration. (a) Voltage output as a 
function of temperature obtained in a laboratory. (b) The temperature 
as a function of voltage. This calibration appears in a look-up table. 


Although the output is shown as an analog voltage, most systems 
operate in the digital domain. 
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Figure 12-3. A thermal imaging system whose output is provided 
in temperature units (Fahrenheit, Celsius, Kelvin, or Rankine). 
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12.3. EMISSIVITY 


There are three different generic measuring conditions. 
CASE 1. THE TEMPERATURE DIFFERENTIAL IS SMALL (T, = T,). 


This case is encountered during electrical and mechanical inspections. Both the 
emissivity and surrounding temperature must be known for accurate temperature 
measurements. As the emissivity increases, the influence of the surrounding 
temperature decreases. Black paint or tape may be used to increase the emissivity. 


CASE 2. THE TARGET TEMPERATURE IS VERY HIGH COMPARED TO THE 
SURROUNDING ( T, >> T}. 


This case is encountered in many industries such as paper manufacturing and 
refineries. Here, the influence ofthe surrounding is minimal. As an approximation 


M wrasuREp = O£T7 a (12-7) 


This suggests that the surrounding temperature has no effect. This is not entirely 
true. It simply means that it is sufficient to estimate the surrounding temperature. 


CASE 3. THE TARGET IS COOLER THAN THE SURROUNDING (T, < T)). 


As the emissivity decreases, the reflected radiation can be much greater than the 
target self-emission. This case 1s encountered in steel and aluminum manufac- 
turing. Polished metal has a low emissivity. During processing, the material is 
heated in a furnace. The furnace provides the surrounding temperature and 1s 
hotter than the metal. A similar situation can occur in boiler stream pipes and 
refinery heater tubes. Here, a small error in emissivity can lead to a large error in 
the calculated temperature. 


12.3.1. EMISSIVITY CORRECTION 


We need a look-up table that also includes emissivity. In principle, it is straight- 
forward. Using the Stefan-Boltzmann relationship as an approximation, the detector 
output is 


4 4 
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The detector output is plotted in Figure 12-4 for three different emissivities when 
T. = 293K. A family of curves exist for each surrounding temperature. 
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Figure 12-4. Relative output as a function of target temperature 
when T,= 293K. When the emissivity is unity, the apparent 
temperature is equal to the actual temperature (same values as 
Figure 12-2a). When the emissivity is zero (a perfectly reflecting 
target), the target appears to have the same temperature as the 
surrounding. These curves are approximations. The precise 
response depends upon the system’s spectral response. 


12.3.2. ANGLE OF INCIDENCE 


As indicated in Figure 4-4, the emissivity decreases as the angle of incidence 
increases. While the emissivity may be known for normal incidence, its angular 
dependence is not usually known. When the angle exceeds 45°, the emissivity decreases 
(reflectivity increases). At grazing angles, the emissivity can approach zero (reflectivity 
approaches unity). As indicated in Figure 12-5, the emissivity can have a strong angular 
dependence. Even if the angular dependence is known, a small error in test setup in 
terms of angle can lead to a large error in emissivity. This suggests that accurate temp- 
erature measurements can only be made when the angle of incidence is less than 30°. 
As the angle increases to 60°, a small error is introduced. When the angle is greater 
than 60°, large errors can occur. 
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Figure 12-5. At normal incidence, the emissivity may be high. For 
most materials, it approaches zero at grazing angles. 


Comparing Figures 12-1 and 12-5, if the target temperature is greater than 
the surrounding, then as the angle of incidence increases the apparent temperature 
decreases. This occurs for all targets that are not normal to the line-of-sight (Figure 
12-6). 


A B 


Figure 12-6. Viewing a target at an angle. Because the emissivity 
decreases with increasing angle, Point A will appear to have a 
higher apparent temperature than point B when 7,» 7,. That 
is, the apparent temperature changes across the system's field- 
of-view. The viewing angles are 0, and 6,. 
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12.3.3. EMISSIVITY UNCERTAINTY 


Many texts refer to uncertainty analysis as error analysis. While technically 
correct, some claim that errors are mistakes that should be avoided. In principle, errors 
can be eliminated or at least reduced significantly so that they do not affect the measured 
value. Careful planning and following the test plan to the letter eliminate accidental 
errors (blunders). Accidental errors include (a) failure to account for external heat 
sources, (b) recording wrong voltages, and (d) failure to turn on all test equipment. 
Measurement uncertainty cannot be avoided. 


Our largest uncertainty is the emissivity. We do not know the emissivity 
precisely and must estimate it. It depends upon the surface characteristics (age of 
paint, dust, dirt, dew, frost, chips, scratches, and weathering effects) and viewing 
angle. It also a function of temperature and this makes high temperature 
measurements (e.g., a furnace) difficult. Madding! provides a formal approach to 
emissivity uncertainty analysis. 


Emissivity can vary depending upon surface conditions and environmental 
conditions. At any particular location, the variation can be small. That is, the emissivity 
in a “clean” environment may be different from the emissivity in a “dirty” environment. 
Itis reasonable to assume that the emissivities (although different) will remain constant 
at their respective locations. The emissivities may vary because of different material 
used, different manufacturers of the same equipment, or that the plant may be subjected 
to environmental parameters such as excess moisture, sun exposure, weathering, dirt, 
and dust. 


Emissivity uncertainty creates an uncertainty in the measured temperature. 
Figure 12-7 illustrates the calculated temperature differential when the true 
differential is 10K and T, = 293K. For illustrative purposes, the Stefan-Boltzmann 
law was used. The emissivity selected can either be higher or lower than the true 
emissivity. When the selected emissivity is lower, the calculated temperature will 
always be higher than the true temperature (assuming that the target is warmer 
than the background). 


Generally, the error in emissivity will be relatively small. Figure 12-8 
illustrates the apparent temperature differential as a function of two different uncertainty 
levels. Note that the emissivity uncertainty is given as an absolute value and not a 
percentage. For example if €= 0.5 and the uncertaintly is +0.1, then the emissivity can 
vary from 0.4 to 0.6. 
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Figure 12-7: Representative apparent temperature differential as a 
function of emissivity. The true differential is 10K and T,= 293. 
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Figure 12-8. Representative range of calculated ATs for emissivity 
uncertainty of (a) +0.05 and (b) +0.10. The true temperature differential 
is 10K and T,= 293K. The emissivity cannot be greater than unity. This 
places an upper bound on the value and creates a “dog-leg” in the curve. 
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If the wrong emissivity is assumed, then an error is made in calculating 
the temperature. However, temperature measurements should be completely 
repeatable as long as the emissivity control is set to the same value. This leads to 
the concept of standardized emissivities (discussed in Section 16.4, Emissivity). 


Table 12-1 provides selected values. The shapes of the curves do not 
change dramatically for different ATs or different surround temperatures. The 
temperature error becomes unacceptable when the emissivity is less than about 
0.5 (e.g., polished metals). How much error can be tolerated depends upon the 
task. For scientific studies, an emissivity error of 0.1 is probably unacceptable. 


Table 12-1 
RANGE OF CALCULATED ATs 
TRUE AT = 10K and T,= 293K 


True Estimated Calculated 
emissivity | emissivity AT 
0.4t00.6 — 839to 12.4 

8.62 to 11.9 


0.6t00.8 — 880to 11.6 
0.71009 8.93 to 11.4 

9.04 to 11.2 
09to1.0  10.0to11.1 


While the thermographer can correct for the object's emissivity, a basic 
underlying assumption is made: The surrounding has a uniform temperature. This 
is rarely true. The thermographer himself provides radiation that can be reflected. 
This means that the ambient temperature can only be estimated. For low emissivity 
material (polished metals), it is prudent to modify the surrounding so that the 
target is uniformly illuminated. Employing an appropriate barrier (Figure 12-9) 
can minimize the effects of a hot source in the surrounding. 


The above equations provided the phenomenology associated with an 
emissivity error. Neglecting reflections, we can mathematically approximate the 
error in temperature measurement with the error in the emissivity. It was shown 
in Section 3.2.2, The background, that the thermal derivative is 


9M(,T;) cel Ts 
EE 2 = M(.,Tg ) MAURUS dd 
ME? | gel^Ts 1 (12-9) 
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Figure 12-9. Shielding hot sources. 


For most applications, c/AT, 77 1. For LWIR systems, this is true when 
T, << 1438K and for MWIR when T, << 3597. Then 


c) 


2 
B 


OM (A, Tz) 


= M(A,T, 
2r (A, £5) 


(12-10) 
Replacing the thermal derivative with AM/AT and rewriting provides 


AT _ATy AM _ AT; Ae 


; (12-11) 
Tz e, M €, € 


where Ae is the uncertainty in the emissivity and AT is the uncertainty in the 
calculated temperature. For refineries, where the reflectivity can be neglected 
(Case 2 described at the introduction to this section), let 7, = 500K and A= 10 um 
(LWIR system), then 


Nude) a6 ME c (12-12) 
14388 € € 


If €=0.2 and Ae = 0.05, then the error in temperature is AT = 43.5K. As the 
uncertainty in the emissivity decreases, the uncertainty in the calculated temperature 
decreases. 
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12.3.4. INCREASING THE EMISSIVITY 


Adding an emissivity *improver'" to the surface can increase the emis- 
sivity. This could either be paint or tape. The apparent emissivity can be increased 
by locating a part of the target that approximates a cavity (wedge method) or by 
adding a “gold cup." Another method employs the image transfer concept. If a 
highly emissive component comes into thermal contact with the target, then that 
component's temperature can be measured and thus avoid emissivity uncertainty 
issues. Develop a safe procedure for applying the *emissivity improver." This is 
particularly true with energized electrical components and operating machinery. 


PAINT/ BLACK TAPE 

Black paint and black tape enhance radiation dissipation and hence small objects 
may be cooler than normally. This is particularly true for printed circuit boards. 
The application of paint or tape and its removal (if required) may be difficult. 
Experiment with the paint and tape. Verify that it is truly opaque. Many tapes 
are made of plastic and many plastics are semi-transparent at the infrared 
wavelengths (see Figure 4-6). Painting is an art (like painting a car) and may 
be difficult to apply uniformly. 


GEOMETRIC CONSIDERATIONS (WEDGE METHOD) 
The wedge method? relies upon multiple reflections. In those manufacturing areas 
where continuous sheets are created, the material usually comes in thermal contact 
with rollers. The roller forms a wedge with the material (Figure 12-10). This wedge- 
material combination provides multiple reflections and thus acts as a cavity. This 
improves the apparent emissivity. The wedge or “‘multiflex” method has been suc- 
cessfully used at continuous strip annealing furnaces. 
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Figure 12-10. The wedge method. By looking at a region where 
multiple reflections can occur, the emissivity approaches unity. Both 
the roller and sheet material must be at the same temperature. (From 
reference 2). 
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GOLD CUP 
The “gold cup" method also relies on multiple reflections.’ When it is placed 
near a surface it blocks out any reflecting sources (Figure 12-11). It acts as a 
blackbody cavity and provides an apparent emissivity of unity. 
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Figure 12-11. The gold cup method. The highly reflective cup 
increases the reflections and thereby increases the emissivity. 
(From reference 2). 


IMAGE TRANSFER 

Image transfer relies upon a highly emissive surface that comes into thermal 
contact with the target. This technique is appropriate for industries that manu- 
facture continuous sheets. As the roller contacts the sheet, the temperature dis- 
tribution of the sheet is transferred to the roller? The roller is viewed with a 
thermal imaging system (Figure 12-12). The technique requires a method that 
continuously removes the heat distribution from the roller before it contacts 
the sheet. The roller could be replaced by a membrane. 
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Figure 12-12. Image transfer with a roller. The material can be 
heated either by the manufacturing process or by an external heater 
(illustrated here). (From reference 3). 
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12.4. MEASUREMENT OF T, 


The surround temperature is an input to the equations for emissivity correction 
and it should be constantly monitored. If the measurements only take a few minutes, 
then this is not a problem. But if the measurements span tens of minutes, the ambient 
temperature may change — necessitating changing its value in the thermal imaging system. 


Outdoors, the reflected radiation depends upon all objects in the immediate 
area of the target (for example, see Figure 11-13). These temperatures vary hourly. 
This creates some uncertainty in the precise ambient temperature to use. Indoors, the 
environment is usually fairly constant. 


If the target is reflective, then point the camera in the direction of the 
reflected energy source (Figure 12-13) and measure its apparent temperature. The 
emissivity and surrounding temperature are entered into the camera's look-up 
table. The camera uses these values to calculate the true temperature of the target. 
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Figure 12-13. Temperature measurements of a (a) reflective target 
and (b) its environment. It is important to measure T; at the angle 
of incidence. 
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If the target is diffuse, then point the imaging system at the surrounding 
background (i.e., the sky if outside) and measure the average temperature. This is 
accomplished by selecting a large region of interest (ROI) and letting the camera 
calculate the average temperature within the ROI. The emissivity of the surroundings 
is assumed to be unity. If the camera does not have an averaging function, then defocus 
the camera. Defocusing tends to average out any nonuniformity that may exist. 


12.5. ATMOSPHERIC CORRECTION 


If viewing a target at a long path length, the atmospheric transmittance 
and path radiance must be included in the target temperature calculation. A simple 
correction for the atmospheric transmittance is difficult. The average values provided 
in Table 5-3 should only be used for back-of-the-envelope calculations. Removing 
the atmospheric transmittance and path radiance requires a computer program such 
as MODTRAN. In addition, you must make many educated guesses about the 
weather conditions. This is NOT trivial! It is difficult to measure accurately 
temperatures over long path lengths. 


So far, this chapter illustrated the potential error encountered if the emissivity 
and surrounding temperature were unknown. The precise response of a system depends 
upon its spectral response. When viewing a real target, the radiation that appears to 
emanate from the target includes reflected radiation (M,) and path radiance (M ,). The 
target signal is attenuated by the atmospheric transmittance (T): 


Verector = KK [Z {eM +p Ms} + M| (12-13) 


We must know the emissivity, atmospheric temperature, and the average temperature 
of the reflected radiation. The detector output is measured and the temperature is 
inferred from Planck’s blackbody radiation law. Since all quantities are a function of 
wavelength, it is easier to obtain empirical curves rather than theoretical values. 


12.6. DUAL BAND MEASUREMENTS 


Because of the difficulty of estimating the emissivity, a dual band technique 
has been recommended.** The object is viewed by two different thermal imaging 
systems. Generally, MWIR and LWIR are recommended. Key to the success of dual 
band imaging is that the emissivity is constant and the same in the two bands. The 
capability has been demonstrated but is not used extensively since it requires two 
expensive thermal imaging systems. 
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Since wavelength dependence is important in dual band measurements, 
we must use M(A, T): 


Vun = Kp [ € yp mno Tr) + = € mnm) M yrs T;)| (12-14) 
and 


27 = ARp| £r pg M p yip Us T) + (1 - €, nmr) M oes 75) . (12-15) 
If the emissivities are the same in both bands, then 


Van- KRM pyr o Tg). M sgg T)-M yy s) (19.16) 
Viuwir um ARM urA Ts) M yrs Tr) = M yz Ts) 


If eM(A,T,) >> (1-6) M(A,T,), then 


Vinn _ Minn oTr) (12-17) 
Viuwe M yr 77) 


Equations 12-16 or 12-17 can be easily be solved by a computer algorithm. 


12.7. SIGNAL AVERAGING 


The NEDT represents an uncertainty in measuring a temperature. Suppose 
that the uncertainty is given by 


TuzAsuRED = Treue € 3NEDT. . (12-18) 


That is, we can only say that the true temperature lies between T,,. c Ep 
+ 3NEDT and T,,, sugcp" 9NEDT. Suppose N frames are averaged together or N 


pixels are averaged. Then the uncertainty is reduced to 


3NEDT 


Treur = TugASURED t+ — — — + (12-19) 
VN 


Averaging decreases the uncertainty in temperature measurements. The uncertainty, 
3NEDTWNN, is a measure of repeatability and temperature accuracy. 
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13 
BUILDING ENVELOPE INSPECTION 


The building envelope consists of those walls that separate the environmen- 
tally controlled interior from the outdoors. The interior may be either heated or air- 
conditioned. To minimize energy costs, the exterior walls are insulated to reduce heat 
conduction and all joints are sealed to prevent air leakage. 


Defects and faults such as moisture accumulation, missing insulation, thermal 
bridges, and air leakage will change the temperature of the surface around the defect. 
Surface temperature patterns are indirect indicators of subsurface anomalies. 
Considering that every window, door, pipe, electrical connection, and HVAC duct is 
a potential location of heat loss, it is amazing that most building are reasonably energy 
efficient. 


Building envelope inspections are carried out for two specific purposes: (1) 
quality control of new or retrofitted wall assemblies and (2) existing building condi- 
tion assessment. The purpose of quality control of new construction is to verify that 
there are no hidden defects that could result in premature material deterioration. Quality 
control of new construction is the more difficult task: the thermographer does not 
have the luxury of visual symptoms of material deterioration or failure. The 
thermographer has to make assessments and recommendations based on available 
construction drawings and thermal imagery of assemblies that do not show any vis- 
ible evidence of problems. 


This chapter describes heat loss through exterior walls and the next chapter 
is devoted to roofs. The primary difference is that a roof survey usually relies on the 
sun to heat entrapped moisture. Since the walls are often shielded from the sun, a 
temperature difference between the interior and exterior is necessary. This is generally 
requires heating or cooling the interior. Evaporative cooling can also identify entrapped 
moisture. Building inspections are usually qualitative. 


This chapter draws heavily upon the information provided in references 1-6. 
Appendix C, Thermal Sensing and Imaging 1980-1999, contains numerous papers on 
building envelope inspections. 
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13.1. BUILDING SCIENCE 


Since building construction changed over the years, it is instructive to 
briefly study architecture and building materials. The building periods chosen are 
not static. Different building constructions are normally used over a long period, 
and new constructions and building materials are gradually introduced into the 
market. The skill of the builders changes over time. Some knowledge of old 
building construction and building materials has vanished with past generations. 


Water ingress into masonry and mortar can be a problem in climates 
where there are many freeze-thaw cycles. The continual expansion of ice as it 
forms acts as tiny crowbars that eventually break down the walls and joints.! This 
problem is acute in cold wet environments. Melt water damage occurs on interior 
sections of wall assemblies when drainage is towards the interior at floor slabs. 
Interior wall deterioration is one symptom of this problem. 


Building envelopes often contain numerous highly conductive heat flow 
paths called thermal bridges. Thermal bridges are normally due to the insertion of 
architectural structures made of more conductive materials than ordinary wall. 
An uninsulated metal window frame is a prime example of a thermal bridge. 


Air leakage leads to increased heating and cooling costs. Warm interior moist 
air will condense if the exterior temperature is below the dew point. Vapor barriers, 
placed on the inside, prevent this moisture from condensing. Older buildings without 
vapor barriers or those with defective barriers permit condensation within the wall 
when the outside temperature is low. Condensation decreases the thermal efficiency 
of the insulation and thereby increases heating or cooling costs. Condensation within 
a defective wall or roof will, over time, lead to deterioration that is costly to repair. If 
the damage is serious enough, it may not be possible to repair. 


13.1.1. HISTORIC BUILDINGS 


The thick walls of historic buildings may consist of solid stone (granite, 
sandstone, or other rock) or thick bricks and may have a cement plaster. The 
interior walls may be covered with plaster and frescos. 


Dampness?^* is a major problem affecting the preservation of ancient 
buildings. Dampness damages decorations, reduces paint adhesivity, causes mildew 
(black stains), and may allow the growth of micro and macro flora. The extent of 
decay is mainly related to the permeability of the wall and to water content present. 
Buildings are often built on fertile ground that have a high water content and near 
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rivers or canals. This exacerbates the water problem. Water can travel up the wall 
by capillary action. Water enters during periods of high humidity or excessive 
condensation (Figure 13-1). The thermal and hydrologic status ofthe wall is created 
by weather cycles and man's activities (e.g., area heating, plants and shrubs, and 
occupancy level). 


Figure 13-1. Evaporation cools the façade of this 17* century 
church. Cooling at location 1 is due to rainfall and vegetation. At 
location 2, plants provide a constant source of moisture. Location 
3 variations are due to emissivity differences caused by different 
types of damage. Capillary action from ground water appears in 
location 4. The regions labeled A and B are discussed in Reference 
2. (By courtesy of E. Rosina et. al.). 


Uninsulated solid masonry walls experience low interior temperatures 
because of the relatively high thermal conductivity. Radiant heating or HVAC is 
added to make the interior more comfortable for the occupants (the original 
structure had no heat). Further, the HVAC system may introduce humidification 
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to reduce static electricity and to protect valuable furniture. The potential for 
interior water vapor migration into the exterior wall increases dramatically under 
these conditions. 


A phase change is dangerous for wall surfaces. When the water evaporates, 
the salts in the water crystallize into the pores of the wall. This causes superficial 
layers to break into chips that lead to the complete disintegration of the wall surface. 


For old buildings, neither the underlying materials nor the finishing 
techniques may be known. The finish affects surface porosity. Decay changes the 
surface and bulk conduction characteristics. Further, the building may have been 
repaired with unknown material. 


13.1.2. 1880 to 19409 CONSTRUCTION 


Most buildings? built from 1880 to 1940 have a solid construction with a 
high quality of craftsmanship. These buildings usually have a heavy wooden and 
timber construction or heavy bricks and stone constructions. Wood has a low 
thermal conductivity and therefore these structures offered relatively good thermal 
insulation. 


The weakest part of those buildings seems to be the construction of the 
wall/roof and wall/wall joints. This leads to severe moisture damages in eaves 
and in roof connections. The doors and windows were not well sealed and hence 
allow air infiltration. However, these buildings often had a minimal number of 
windows and therefore, while air leaks were present, they did not permit significant 
ventilation. These buildings tend to have a musty smell. 


13.1.3. 1940 to 1960 CONSTRUCTION 


Buildings from 1940 to 1960 could be of either a heavy or light stone con- 
struction or a light wooden frame construction. The quality of construction, thermal 
performance, and craftsmanship seem to vary a lot during this period. The most obvious 
defects are air infiltration, high-energy loss, and moisture damage. During this period, 
vapor barriers and insulation were introduced as standard building materials. 


Hollow concrete block was introduced in the early 1900s and became a 
popular building material around 1950 as a low cost building material. Note that 
building costs include both the material and labor. Since labor costs are significant, 
emphasis was placed on selecting materials that were very easy to install (requiring 


204 Common sense approach to thermal imaging 


less skilled and, hence, lower-paid workers). Time is money; a slogan for the 
building industry was created during this period and is still true today. 


13.1.4. 1960 to 1990 CONSTRUCTION 


For this period, one finds here the greatest variety of problems, such as 
high-energy loss, air infiltration, moisture damage in roofs and walls, and thermal 
bridges. These are due to a combination of constructional mistakes, and poor 
craftsmanship. Some buildings also have the “‘sick-house syndrome." Bad indoor 
air quality was caused by wrong dimensioning, poor adjustment of the ventilation 
systems, and modern allergenic building materials. 


13.1.5. MODERN CONSTRUCTION 


Modern construction includes a variety of materials such as aluminum, weath- 
ering steel, plastics, and manmade stone. New building construction and materials 
are often not sufficiently tested to determine damage potential over time. 


Exterior wall assemblies? on medium and large buildings can be classi- 
fied into four generic wall types: (1) masonry, (2) architectural precast, (3) metal 
and glass curtain wall, and (4) insulated steel assemblies. Within these generic 
types of assemblies, there are variations within the cladding type as well as the 
assembly configuration. Each generic type performs in a different way. There- 
fore, the inspection methodology may vary by design to isolate specific prob- 
lems. Sealants are used around the interior joints of all the panels to achieve air 
tightness and air barrier integrity. Once constructed, sealed joints are hidden from 
sight and deficiencies can only be determined thermographically. 


The most common masonry wall used in single-story commercial 
construction is load bearing concrete block that is partially reinforced. These 
reinforcements can be seen in the IR. The walls are, otherwise, hollow. 


13.1.6. WINDOWS 


Windows, while simple in construction, provide unique thermograms. Heat 
is lost through the glass and frame by conduction and by air leakage through poorly 
sealed frames, ill fitting operable windows, and hinges. The glass may be of varying 
thickness and the window may be multi-paned (Figures 13-2 and 13-3). The frames 
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may be wood or metal. The heat conducted depends upon the interior temperature and 
window treatment (see Figure 8-10). There appears to be an infinite variety of window 
treatment materials and therefore, an incredible variation in heat loss. Further, the 
window is semi-transparent in the MWIR spectral region. Typical residential glass 
(single-thickness) is about 1/4 inch thick and is opaque for wavelengths greater than 
4.5 um (see Figure 4-11). 


In some locations, it is common practice to place the central heating 
radiators under windows to help reduce cold convection currents on the occupants. 
This can have a dramatic effect on the thermal environment around the window. 


Figure 13-2. The metal studs used in this home have higher heat 
conductivity than wood and therefore are clearly visible during 
cold weather. They create thermal bridges. The double-paned 
windows have a partial vacuum to reduce heat conductivity (see 
Figure 2-6). The seal on the second-story window broke and the 
conductivity increased significantly. This interpretation is based 
upon information provided by the owner. An alternate interpretation 
is given in Figure 18-6. (By courtesy of the Academy of Infrared 
Thermography). 
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VISIBLE THERMOGRAM 
Figure 13-3. Lobby entrance. The triple-paned windows on the top 
have excellent insulating properties. The double-paned windows 
in the center are good. Significant heat is lost around the doors. 
(By courtesy of Gary J. Weil, president, EnTech Engineering). 


13.2. HEAT TRANSFER 


There are basically three different measurements: (1) Determination of 
missing insulation, thermal bridges, or presence of water by differences in thermal 
conductivity, (2) determination of the presence of water by relying upon evaporative 
cooling, and (3) air leakage by pressuring the building to create the mass transport 
phenomenon. Each has its own environmental consideration to insure that there is a 
significant thermal signature (Figures 13-4 and 13-5). 


Figure 13-4. This image illustrates heat loss by conduction and air 
infiltration as well as moisture buildup problems. Proper 
environmental conditions and careful image interpretation will 
locate the source of the problem and identify the root cause. (By 
courtesy of the Academy of Infrared Thermography). 
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Figure 13-5. Heat leakage at wall/wall, wall/roof, and wall/window 
joints. (By courtesy of Gary J. Weil, president, EnTech Engineering). 


13.2.1. CONDUCTIVITY 


Temperature differentials of about 15°C between the inside and outside 
are sufficient to see water penetration (Figure 13-6). For condensation (Figure 
13-7), the internal wall temperature must be below the dew point. Due to the 
insulating properties of the exterior surface, this suggests that the outside should 
be near freezing. 


When exterior temperatures drop below 0°C, thermal patterns caused by 
a phase change of water on or underneath the surface of the cladding can be 
detected. These dark patchy areas on masonry surfaces only exist at or slightly 
below the freezing mark. These patterns are associated with exterior tempera- 
tures falling from above freezing to below freezing during the inspection. 


If the outside 1s cooler than the interior, then a moisture-laden area will 
appear warm when viewed for outdoors. Simultaneously, it will appear cool when 
viewed from indoors (Figure 13-8). Missing insulation (Figure 13-9) provides a 
thermogram similar to moisture intrusion. Additional information is needed to 
discern the cause of heat loss. 
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Figure 13-6. Trapped moisture and thermal bridges have a higher 
thermal conductivity than the insulated wall. The arrow indicates 
the heat flow from the warm interior to the cool outdoors. The 
outside temperature must be 15°C less than the inside to see the 
temperature pattern. When viewed from the outside, the surface 
temperature at these defects will be higher than at the insulated 
section. 
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Figure 13-7. Condensation can occur v hen the interior moisture 
diffuses through the wall. The internal temperature of the wall 
must be below the dew point. 
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Figure 13-8. Moisture increases heat transfer. From the inside, it 
appears as a cool area. (By courtesy of Academy of the Infrared 
Thermography). 


Figure 13-9. A newly constructed house with missing ceiling 
insulation. (By courtesy ofthe Academy of Infrared Thermography). 


13.2.2. EVAPORATION 


Each evaporating gram of water absorbs 539 kcal and this cools the 
surface very effectively. Therefore, moist areas are colder than the dry ones if 
submitted to the same boundary conditions (Figure 13-10). The appearance depends 
on air temperature and relative humidity. Air movement, enhanced by fans will 
increase evaporative cooling. 
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Since warm air has lower relative humidity, heating accelerates evaporation. 
However, it upsets the ambient thermal conditions and heating should be avoided 
because wet and dry zones have different thermal capacity. If heating is used, the air 
must be sufficiently cool (not more than 5°C above ambient) to avoid heat transfer 
from air to the wall. Wall heating will complete with evaporative cooling. 


EVAPORATION 


Figure 13-10. Evaporative cooling. The temperature of the wet 
area will be lower than the dry area. Figure 13-1 illustrated a 
thermal signature created by evaporative cooling. 


13.2.3. MASS TRANSPORT 


Aircan either enter (infiltrate) or exit (exfiltrate) through cracks in the building 
envelope (Figure 13-11). This air leakage is accompanied by water vapor from the 
building interior. When the water vapor reaches the dew point, it condenses within the 
cavity space. This results in the deterioration of structural members. 
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Figure 13-11. Mass transport. As the warm interior air seeps through 
cracks, the exterior surface is heated. 
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If there is minimal wind, the area around the crack will heat up (assuming 
the inside is warmer). This heating is the mass transport phenomenon. The magnitude 
of the temperature seen depends upon the nature and size of the leak, pressure 
differential, and temperature differential. 


Pressurizing the building can force the warm interior air through the 
cracks. The resultant temperature distribution is nearly impossible to distinguish 
from heat conductivity temperature distributions (Figure 13-12). Negative pressure 
reverses the airflow: the cooler outside air will cool the cracks and the cracks will 
be at a cooler temperature compared to high heat conductivity areas. Conductive 
losses are independent of building pressure. This allows differentiation between 
thermal patterns produced by air leakage and conduction. Depressurization also 
allows the cool outdoor air to cool the interior surface. Thus, mass transport can 
be viewed from either the interior or exterior. 


In cold climates, buildings generally experience outward air leakage on the 
upper sections due the stack effect. The stack is generated by the temperature differential 
between the interior and exterior environments. Wind pressures also increase outward 
air leakage on the leeward sides. Air leakage can be confirmed by tracer gas and 
smoke pencil techniques. This will help in quantifying the air infiltration rate. 


Figure 13-12. Mass transport seen when the insulated masonry- 
cladded building is under positive pressure. Smoke bomb testing 
verified mass transport at the locations marked A. Heat loss at lo- 
cations marked B is a result of openings in the interior air barrier 
assembly. Locations marked C were not independently verified 
but are believed to be where leaking interior air first encountered 
the cladding. (From reference 8, by courtesy of A. Colantonio). 
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13.3. BUILDING INSPECTION 


Because the sun does not directly heat walls, it is necessary to perform 
measurements when a significant temperature exists between the inside and outside. 
This suggests that the winter months are desirable. Wind can significantly affect 
the thermal pattern. Wind speeds should be less than 15 mph (6.7 m/s or 24 kph) 
for qualitative measurements (see Section 11.3.3. Wind). 


Inspections of exterior wall assemblies are easier and more cost effec- 
tive. Apart from the vast amount of walking and time it would take to carry out an 
interior inspection, in most commercial office buildings access to the individual 
tenant spaces can be difficult. Interior inspections are generally used to verify 
thermal anomalies originally found during exterior testing. 


Often, high-rise buildings are adjacent to other large buildings. The roofs 
of adjacent building offer the best vantage points to viewing buildings in high- 
density urban settings. They should be used as much as possible when available. 
However, the reflective patterns from adjacent buildings (See Figure 11-14) 
represent a potential data analysis problem. 
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ROOF INSPECTION 


Infrared inspections are routinely used to locate wet insulation in flat 
roofs. Here the insulation is between the deck and membrane and is in direct 
contact with the underside of the membrane (Figure 14-1). This construction is 
found in commercial, industrial, and institutional buildings. It is less common in 
residential construction. 
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Figure 14-1. Cross-section of a flat roof. The gravel shields the 
bitumen from the sun's damaging ultraviolet radiation. 


Entrapped moisture will ultimately destroy a roof system (Figure 14-2). 
The roof membrane and insulation will rot. Water may cause decay or rusting of 
the structural deck. Rotting, blistering, and other degradation of the roof membrane 
will eventually lead to the demise of at least a portion of the roof system. Water 
can dangerously increase the weight load of the roof. It decreases the thermal 
efficiency of the insulation and thereby increases heating or cooling costs. In 
northern climates, freeze-thaw cycles can cause major damage. Moisture intrusion 
into a roof system can be caused by several factors (Table 14-1). 
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Figure 14-2. Because of extensive water intrusion, this roof must 
be replaced. At nighttime, the waterlogged areas are warmer and 
appear white in this thermogram. (By courtesy of the Academy of 
Infrared Thermography). 


Table 14-1. 
POSSIBLE CAUSES for WATER INTRUSION 


Original design inadequacies 
Incompatibilities of materials 
Poor workmanship 
Improper installation of equipment on the roof 


Lack of proper maintenance (neglect) 
Normal weathering, pollution, and age 
Improper drainage 
Damage caused by people or animals 


Variations in temperature can indicate the location of entrapped water or 
unusual construction. This requires a thorough understanding of the construction 
(including repairs) and functioning ofthe roof. While thermography can be used to 
locate entrapped water, the source of the leaks usually is determined by some 
other means. 


Roof problems are not normally emergencies (as with electrical equipment). 
With small leaks, buckets are used to protect the floor. Since it does not rain every 
day, the leak is forgotten until the next heavy rain. Therefore, people do not deem roof 
surveys important unless a severe leak is present. Remember the problem will not get 
better by itself, and the longer it goes uncorrected, the more costly the repair. At 
current roof replacement costs, any loss would be extremely expensive. Therefore, 
the early detection of entrapped moisture is of paramount importance in maintaining 
the integrity of a roof. 
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Generally, a good roof will last 15 to 25 years. Severe weather or excessive 
pollution can shorten the lifetime. The roof should be surveyed about five years 
before the end of its expected lifetime, or sooner if adverse conditions are present 
and definitely if leaks occur. 


Uninsulated roofs (with the exception of lightweight concrete decks) 
usually do not retain sufficient quantities of water to provide a good thermal sig- 
nature. Visual inspection of an uninsulated roof is usually adequate to locate dam- 
age. 


14.1. ROOF CONSTRUCTION 


In cold climates, the roof is subjected to snow, ice, and rain. Large quantities 
of moisture can diffuse into the insulation and condense beneath the roof membrane. 
The insulation is often protected by a vapor barrier located, as near as possible, to the 
warm side. As long as the vapor barrier is maintained at a temperature above the dew 
point, condensation is avoided. If the vapor barrier is in poor condition, the moisture 
will diffuse to the cold insulation and condense. 


If there are hot summers, the moisture generally will evaporate. However, 
if small amounts of water enter and subsequently evaporate, some permanent damage 
will result. Significant damage occurs when roof components are exposed to water 
over long periods. 


The insulation may act as a sponge, soaking up the water from leaks and 
permitting no visual indication of a problem at its inception. The water in the 
insulation may tend to permeate laterally (particularly with the presence of a va- 
por barrier) damaging more insulation with a self-propagating cancer-like effect. 


The insulation isolates the roof membrane from the thermally stabiliz- 
ing effects of the building, causing the roof to reach higher temperatures during 
the hot sunny day and lower temperatures during a cold night. These extreme 
temperatures significantly increase the thermal stresses placed on the roof mem- 
brane. On a clear day, the roof acts a large thermal collector and can reach 70*C 
(160°F). 


Certain constructions can make the detection of moisture more difficult. 
These include roofs with surfaces that are reflective (typically aluminum), roofs 
with thick insulating gravel, and roofs with a very heavy top pour of bitumen. A 
roof surface with extremely heavy gravel, such as a ballasted single ply roof, 
places an unusually large mass of material above the insulation. This material 
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will retain sufficient heat to prevent temperature differentials due to the moisture 
content of the insulation from occurring. These roofs are difficult to survey. 


14.2. TEMPERATURE DIFFERENTIAL 


Environmental factors play an important role in infrared roof moisture in- 
spections. The sun is the usual source of energy, so a sunny day before the survey is 
generally required. A roof shadowed by clouds, trees, or building appurtenances may 
not receive sufficient solar energy to permit a good survey (See Figure 11-14). 


However, if there is a minimum of 10°C difference between the interior and 
exterior for at least 24 hours, a reasonable inspection can be performed. This sug- 
gested requirement is based upon heat loss rather than solar gain. The saturated roof 
sections are good heat conductors. More heat will move through the wet sections. If 
the outdoors is cooler, then the wet areas will appear warmer. 


The 10?C differential requirement suggests that the winter is a better time 
than the summer. If the roof is surveyed in the winter and then replaced in the 
summer, the summer heat may have totally dried out the roof — thus leading to 
skepticism as to the validity of the results. Note that even if the insulation dries out, 
it rarely returns to its original R-value. 


14.2.1. SOLAR LOADING 


During the day, the sun heats the roof surface. Water in the wet insula- 
tion will tend to remain cool, because of its ability to store vast quantities of 
energy with little temperature change (high heat capacity). The insulation has a 
low thermal capacity and allows the roof membrane to heat. When viewed from 
outside, the roof over the wet insulation will be cooler than that over the dry area. 


Since water has a high thermal conductivity, heat will flow into the building. 
The insulation, with its low thermal conductivity, will have reduced heat transfer. 
When viewed from the inside, the wet area will appear warmer than the dry area. With 
good insulation, the dry-area's temperature will be near that of the interior tempera- 
ture. 


At night, an upward-looking surface quickly cools by radiation losses. 
Well-insulated roofs may cool to 5?C below air temperature. Those areas of roof 
with wet insulation will tend to remain warm for a longer period compared to the 
dry insulation due to the stored energy in the water. Additionally, during winter 
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months, the inside temperature is generally greater than the outside. This causes a 
heat flow from inside to outside. The high thermal conductivity of the wet insulation 
will keep the roof surface warmer. These two effects make the roof over the wet- 
insulation area warmer at night than the dry-insulation area (Figure 14-3). 
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Figure 14-3. Heat transfer during the (a) day and (b) night. 


As seen in Figure 14-4, significant temperature differentials between 
wet and dry insulation exist both during the day and at night. At thermal cross- 
over, the wet and dry areas have the same temperature. This limits inspections to 
a few hours during the day and a few hours during the night. The actual AT de- 
pends upon cloud cover, wind, location (latitude), and season. Figure 11-8 illus- 
trated the AT of a tank. The roof, also heated by the sun, follows the same diurnal 
cycle. 
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Figure 14-4. Diurnal temperature variation. (a) Actual temperatures 
and (b) the temperature differential of “wet” minus “dry” 
temperatures. Thermal crossover occurs just after sunrise and sunset. 


In the Northern Hemisphere, the angle of incidence of the sun’s radiation is 
a maximum on June 21 and a minimum on December 21. Thus, solar loading is at a 
maximum in the summer. However, to achieve a large AT, the nighttime outside tem- 
perature should be cooler than the inside. This suggests that the inspection should be 
performed in the winter. With competing phenomena, there is no ideal time of year. 
Because the inspections are qualitative in nature, roof moisture inspections may be 
successfully carried out over a wide range of less than optimal conditions. 


During a sunny day, the AT may be greater than the AT at night. How- 
ever, because of the solar glints and the rapid differential cooling rates observed 
as clouds shadow the roof, nighttime viewing is preferred. 
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14.2.2. CLOUDS 


The amount of solar loading depends upon the cloud cover. Low solar 
heating creates a low temperature differential. On hot sunny days the variations 
are greater and will last longer than on overcast days. A cloudy night will reduce 
radiative losses from this roof surface. This reduces cooling and affects the AT. 
Figure 14-5 illustrates the temperature differential for two different solar loading. 
As the solar loading decreases, the AT decreases. When the AT drops below a 
predetermined SNR, it is impossible to measure the AT. This reduces the amount 
of time available for an inspection. Figures 14-5a and 14-5b are equivalent to 
Figures 11-10 and 11-12, respectively. 
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Figure 14-5. Available inspection times. (a) High solar loading and 
(b) low solar loading. The shaded area represents the time that the 
AT is less than a predetermined value. No inspection can take place 
during this time. The nighttime scanning window is shown. Con- 
servatively, the magnitude of the temperature differential should 
be greater than 3 times the NEDT. 
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14.2.3. WIND 


A strong wind can cause the thermal signatures on the roof to virtually 
disappear due to its cooling effect (See Section 11.3.3. Wind). The effect is no- 
ticeable when the wind velocity approaches 15 mph (6.7 m/s or 24 kph). Even 
when the wind in the open may be less than this 15-mph threshold, eddy and 
vortex wind currents may exceed this threshold. Building projections can channel 
wind and increase the local velocity. Short-term wind gusts can also alter or mask 
the thermal signature significantly. Similarly, air movement due to exhaust fans, 
air handling units, open windows, and open doors can mask variances on the 
roof. 


The effect of the wind can often be gauged by observing the thermal pat- 
terns around vent stacks on the roof. When the wind flow is significant, the vent stack 
disrupting the wind flow produces what appears to be a shadow on the leeward side, 
as if a light were on one side of the object casting a shadow. This occurrence can 
sometimes be a sign to the thermographer that the scanning window has closed. 


14.2.4. SURFACE MOISTURE 


Inspections cannot be carried out when there is standing water on the 
roof. It is not advisable to do an inspection after a rainfall. Sufficient time must be 
allowed for the roof surface to dry out. The surface water will eventually evapo- 
rate. However, evaporation requires heat and cools the surrounding area. This, 
too, affects the thermal signature of the roof and leads to false conclusions about 
the roof integrity. Simply, the presence of surface moisture reduces the scanning 
window time. This leads to the generally accepted rule: No appreciable precipita- 
tion shall have fallen in the 24 hours before the inspection. There shall be no 
standing water. 


14.2.5. HIGH RELATIVE HUMIDITY 


As the relative humidity increases, the atmospheric transmittance 
decreases. For inspections carried out on the roof, this effect is minimal. For 
airborne inspections, the path length may be greater then 500 meters. Although 
roof inspections are qualitative, the reduced atmospheric transmission reduces 
the apparent AT, which in turn reduces the scanning window time. 


When the roof temperature drops below the dew point (temperature), water 
will condense on the roof. Water has a different emissivity than the roof and thereby 
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alters the thermal signature. While the presence of water is easily discerned with an 
on-the-roof inspection, it is nearly impossible to see with an aerial inspection. However, 
dew generally will not occur on a cloudy night or a night with a strong wind. It is also 
interesting to note that dew will not usually occur on areas of wet insulation since 
these areas are warmer than the air. 


14.2.6. PHASE CHANGE 


When the outside ambient temperature is near the freezing point, en- 
trapped water can change from a liquid to ice. The temperature of the wet area 
will remain constant until all the water is converted into ice. This results in a 
uniform temperature across the roof. Both good and bad roofs will look the same. 
This can significantly reduce the scanning window time. 


On cold clear nights, entrapped water can freeze when the air tempera- 
ture is as much as five degrees Celsius above zero. Heat transfer to the cold sky 
causes the surface temperature to drop below freezing. It will take significant 
solar loading to convert the ice into liquid. In the winter, this is a problem since 
the solar loading is at a minimum. 


14.2.7. REFLECTIONS 


Low emissivity (high reflectance) roofs will not heat or cool as quickly 
as high emissivity roofs. Because of this, it may be difficult to locate moisture in 
newly aluminized roof surfaces. The emitted energy increases when the surface 
has oxidized with age or has become dirty. At this point accurate surveys are 
possible. 


High temperature exhaust stacks can also cause thermal shadowing ef- 
fects on the roof surface. When scanning a roof, it is best to point the infrared 
system away from these objects to avoid any thermal reflections. 


14.2.8. INTERIOR EFFECTS 


It is important to know the internal environment of the building. The 
thermal signature of the roof will be different for cold storage buildings, air-con- 
ditioned buildings, and heated buildings. Cool interiors will draw heat from the 
insulation and thereby reduce the sun's heating effect. 
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In some buildings, the air handling system uses the drop ceiling as the 
return air plenum. This return air can cool the entire underside of the roof deck and 
reduce the heating effect of the sun. This reduces the scanning window time. 


14.3. INSPECTION 


Many objects in the interior and on the exterior can affect the roof sur- 
face temperature. Extremely hot processing areas, refrigerated areas, and the use 
of the ceiling-to-deck air space as a plenum will affect the inspection interpreta- 
tion. Of particular concern are air-conditioners, fan housings, ductwork, trans- 
formers, drains, and vents installed in the roof (Figures 14-6 and 14-7). Normally, 
problems associated with surface mounted units and small internal heat sources 
may be circumvented by appropriate verification techniques. The thermographer 
will need detailed information to separate expected warm areas from moisture 
intrusion (Table 14-2). 


Figure 14-6. The heating vent is directly underneath this portion of 
the roof. Spray paint identifies it as area #4. (By courtesy of the 
Academy of Infrared Thermography). 
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Figure 14-7. A large portion of this roof has a problem. Note the 
heat loss around the vent. It is difficult to fully insulate protrusions. 
(By courtesy of the Academy of [Infrared Thermography). 


Table 14-2 
NECESSARY INFORMATION 


Repaired areas 
Wall location 
Insulation voids 
Location of HVAC units and duct work 


Detailed drawing of the roof edge and supporting structure 
Detailed drawing of the roof-wall joint 
Details about how projections were installed on the roof 


Visual inspection will locate obvious defects such as open joints in the 
flashing, missing flashing, punctures, blisters, bare spots on aggregate-covered roofs, 
missing ventilator hoods, cracks in adjacent masonry walls, open joints in coping, and 
standing water. Once discovered, these problems should be dealt with immediately. 


Lightweight concrete materials often retain significant quantities of con- 
struction water and this can make it difficult to determine those wet areas caused by 
unwanted post construction moisture infiltration. Closed-cell insulation has a differ- 
ent wetting pattern than other roof insulation. Because of their closed-cell nature, it 
takes an increased exposure to moisture for the water to significantly infiltrate. For 
this reason, surveys on roofs with slow wetting, closed-cell insulation should be de- 
layed until they are at least 8 months old. 
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WHEN TO INSPECT 


When a new roof has been installed or a patch made, thermography should 
be used to verify job success. An additional inspection should then be carried out just 
before the end of the warranty period. If anomalies are found the contractor can return 
and correct the problem at his cost. After the warranty period, the owner must pay for 
all repairs. 


The American Society for Testing and Materials (ASTM) has provided uni- 
form, generally accepted standards for testing for over 90 years. ASTM C1153-90 
applies to Roofing Systems.! It recommends nighttime surveys to delineate areas of 
wet insulation located above the deck and below the waterproofing system (mem- 
brane). ASTM C1153-90 outlines the minimum criteria for infrared imaging systems, 
the effect of meteorological conditions, roof construction, and verification criteria. 


14.4. REFERENCES 


1. ASTM C1153-90, “Standard Practice for the Location of Wet Insulation in Roofing Systems Using 
Infrared Imaging," Annual Book of ASTM Standards, Vol. 4.06, American Society for Testing and 
Materials (ASTM), Philadelphia, 1990. 
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POWER DISTRIBUTION 


Nearly everything is powered by electricity. Living nearly stops without 
electricity. We would lose office lighting, street lighting, and traffic lights. Elevators 
would stop. All communications would stop (radio, television, and telephones). No 
heat in the winter can place an extreme hardship on people. Food in refrigerators 
spoils and ice cream melts in the summer. Factories would shut down losing millions 
of dollars. Granted, critical areas have emergency back-up power, but power loss is a 
serious problem. 


It has become imperative that electricity be available at all times. To insure 
constant flow, the generation and distribution systems must be inspected on a regular 
basis for potential degradation. Fortunately, degradation is usually accompanied by 
an increase in resistance. As the resistance increases, the power dissipated by the 
degradation increases and appears as heat. 


The temperature rise is a measure of resistance. Loose connectors, corroded 
connectors, and partially broken wires have increased resistance (Figure 15-1). 
Increased temperature often accelerates corrosion and may lead to total failure. Faults, 
if not repaired, may lead to catastrophic failure (explosion or fire), unplanned plant 
shutdowns, and production losses. 


Figure 15-1. A poor electrical connection has a relatively high resistance. 
Its temperature depends upon the electrical current and wind speed. 
(By courtesy of the Academy of Infrared Thermography). 
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Electrical inspections are usually quantitative in nature. The applications 
fall into five generic categories (Table 15-1). Although transmission and 
distribution are considered different by some, they are both considered in this 
chapter as part ofthe overall distribution system. Transmission equipment includes 
suspension structures, insulators, and lines. These lines are the main arteries of 
the utility system and are quite important. Distribution systems consist of lines, 
poles, associated lightning protection, and power takeoff equipment. 


The material in this chapter draws heavily from references 1-4. Addition 
information on electrical inspections is in Appendix C, Thermal Sensing and 
Imaging 1980-1999. 


Table 15-1 
POWER GENERATION, DISTRIBUTION, and USE 


Hydroelectric, fossil fuel, nuclear 
Power distribution Power lines, transformers, substations 


Industrial users Process and manufacturing industries 
Warehouses, office buildings, schools 
Residential users Lighting, heating, air conditioning 


15.1. RESISTANCE 


The resistance of a homogeneous conductor is 


Rule (15-1) 


where p is the material’s resistivity, Z is the length, and A is the cross-section. 
Since the resistance is measured in ohms, the units of each variable must be 
consistent (Table 15-2). Then 


p=1Q-m=107°Q- cm =0.305 Q- fi. (15-2) 
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Table 15-2 
UNITS 


Resistivity, o Length, L 
|. omm | m | m | 
| omt | ft | f 


Copper wire is usually found within factories, commercial buildings, and 
residences. Because copper is relatively expensive, power distribution systems gener- 
ally employ aluminum wire. The resistivity depends upon manufacturing techniques. 
For copper, the resistivty is approximately 1.77x10* ohm-meters or 5.81x10? ohm- 
ft. For aluminum, it is approximately 2.82x10* ohm-meters or 9.26x10* ohm-ft. 


In the scientific community, resistivity has units of ohm-meters. The U.S. 
power industry uses ohms-circular mils per foot (usually abbreviated to mil-foot). A 
mil is 1/1000 of an inch. Since most wires are circular in cross section, the circular mil 
(CM) is equal to the diameter squared when the diameter is measured in mils. This 
approach eliminates the factor 7 that appears in area calculations: 


2 
Bene 4 (15-3) 
4 
and 
CM=D . (15-4) 


The current carrying capacity of wire depends upon an allowable tempera- 
ture rise. As the resistance decreases, capacity increases. Since resistance decreases 
with diameter, larger wires can carry more current. While indoor wiring and feed-in 
lines are insulated for safety, power distribution systems generally are not. Electrical 
insulation also acts a heat insulator: an uninsulated wire has a higher current capacity. 
The values in Table 5-3 are from the U.S. National Electrical Code. Depending upon 
the insulation, these values may be reduced. Since aluminum has a higher resistivity, 
the allowable current capacities are 84% of the values in Table 15-3. 


Ohm's law provides the relationship among resistance, current (/), and 
voltage (V): 


V=IR . (15-5) 
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Table 15-3 
ALLOWABLE CURRENT of UNISULATED COPPER WIRE 
(American Wire Gauge or AWG) 


Wire Size | (inches) (CM) | current (amps) 
211,600 
| 000 | 04096 | 
| 00 | 0.3648 | 
| 0 | 03249 | 


DET NT 
ees 
| 10 | 01019 | 


Figure 15-2 illustrates a power generation facility with a load connected 
by a power line. Both the load and line can be treated as resistors (Figure 15-3). 
Since the current is constant in a series circuit, the voltage drop across the load is 


R : 
V, pap = LOAD yp. (15-6) 


Rroap + Ruz 


and the load across the line is 


Vom, = Rue Me . (15-7) 
Rios * Rune 


FOWER C POWERLINE  ( 
GENERATOR POWER LINE OH [koan 


CONNECTORS 


Figure 15-2. Power supplied to a load. 
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Figure 15-3. Electrical representation of Figure 15-2. 


As line resistance increases, the voltage across the load decreases. While 
the wire resistivity seems low, very long power lines can have a significant 
resistance. For comparison, Table 15-4 lists the resistance of some common 
residential appliances. If the voltage drop across the line is large, then there is 
insufficient voltage to power the appliances. 


Table 15-4 
RESISTANCE of TYPICAL RESIDENTIAL APPLIANCES 


owim | 5 [ 135 | 3€ | 
Deme | 29 | 9 0 0n 
CADRE [-20] DE 


The power loss in the line 1s sometimes called copper loss. A power 
generating facility provides the power (P = VI = I? R) that is consumed by the 
load. Since power is constant, a step-up transformer may increase the voltage to 
500,000V with an equivalent drop in current. Then a step-down transformer 
provides the voltage required at the load. With a low current flowing through the 
power line, copper loss is minimal. For illustrative purposes, Figure 15-4 illustrates 
a 1000:1 variation in voltage and current. Since the current decreases by 1000, 
the copper loss (power loss) decreases by 10°. 
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CONNECTORS 
a I pis 
I-> 1000> I> 
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Figure 15-4. Step-up and step-down transformers in a power 
transmission system. If corroded or loose, the connectors can create 
additional resistance. 


15.2. TEMPERATURE 


When a resistor dissipates electrical energy, its temperature will increase by 


AT= QrLECTRICAL (15-8) 
mec 


where c is the heat capacity (See Equation 2-2). Since energy is the power delivered 
over time f, 


Qrrecrarca = P RE (15-9) 


This suggests that the temperature would increase without bound. However, 
as the resistor starts to heat up, it loses energy through radiation, convection, and 
conduction. Since electrical circuits use metallic components, significant heat can be 
conducted away from the resistor (see Figure 15-5 and Section 11.5.2. Small targets). 
This, combined with convective cooling, lowers the steady state temperature. Even if 
the resistance at the site of the fault is constant, one cannot assume that the temperature 
rises proportionally with the power dissipated. It is a nonlinear function of heat capacity, 
conduction, convection, and radiation. At steady state (resistance reaches a constant 
temperature), the heat transfer is 


Qraviarion + Ücowpvcriow + Qeonvection = ÜÉgzgcrRCAL. - Gor 
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Figure 15-5. Effects of thermal conductivity. Without conductivity, 
the local temperature is high. With conduction, heat flows away 
from the source and provides an overall lower temperature. 


15.2.1. RADIATION 


When conduction and convection are negligible, the electrical power dissi- 
pated (/? R) is balanced by the radiation at an elevated temperature. It is convenient to 
express the temperature increase as 


AFZ-A&PÉR , (15-11) 


where K is a constant and AT is the temperature above ambient. When AT exceeds a 
preset value, the component must be repaired or replaced. The maximum temperature 
difference, AT, ,o45». occurs when the maximum current, py), , 45. is flowing 
(Figure 15-6). The value 7,,,, 945 is the maximum current for which the circuit is 
designed. Generally, measurements are not made under full load. Rather, the circuit is 
partially energized and the thermographer has to estimate the temperature at full load: 


2 
T FULL-LOAD 15-12 
ATrurt-L0Ap = AT, — 7 , ( ) 
MEASURED 
Mk fe Me asurep 1$ the temperature of the resistance when I,,,. ,., ,,, amps flows. 
quivalently, 


2 
p] (15-13) 


TruLL- LOAD = TAugiENT + (7, MEASURED ^ T. — 
MEASURED 
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Figure 15-6. Fully loaded main bus bars at an aluminum processing 
plant. The difference in temperature between the two suggests a 
poor connection. (By courtesy of IRcameras.com). 


15.2.2. CONDUCTION 


When conduction is included, it is convenient to modify the equations? to: 


N 

Z, = - 

ATryr,- oap = AT, zaseo ttt) , (15-14) 
MEASURED 


and 


N 
T FULL- LOAD a 
TrUtLL-LOAD =" amerenr + (7; MEASURED ~ T. "usrENT) (<z sono Mol) 
MEASURED 
As heat conduction increases, the exponent decreases (Table 15-5). Note 
that with low conduction, the equations are identical to those presented in the 
previous section: N — 2. 
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Table 15-5 
EMPIRICAL EXPONENT for TEMPERATURE 
(From Reference 5) 


Thermal 
[High | 16 | 


High thermal conductivity occurs in large connectors and large diameter cables. 
Recall the conductivity equation: 


9g ^44(n-5) (15-16) 


í L 


As the cross-sectional area increases, the heat flow increases. 


15.2.3. CONVECTION 


Wind speed (forced convection) has a major effect on the temperature of 
power lines. Power lines do not have much mass and a relatively large surface 
area. Therefore, they are easily cooled by wind. Figure 15-7 illustrates the drop in 
temperature as a function of wind speed and direction. Wind traveling perpen- 
dicular (cross wind) to the wires provide the greatest cooling. The temperature 
equations should be further modified to include the effects of convection. Al- 
though no definitive data exists, limited experiments provided exponents with 
values of between 0.6 and 1.1 for Equations 15-14 and 15-15. Recent laboratory 
data’ confirm the cooling effect of wind: the temperature decreases significantly 
as the wind speed increases. Noteworthy is the dramatic drop in apparent tem- 
perature as the speed increases from 1 m/s to 4 m/s. 


Wind effects were discussed in Section 11.3.3. Wind. For qualitative 
measurements such as building and roofs, the wind speed should be less than 15 
mph (24 kph or 6.7 m/s). Qualitative measurements require much lower wind 
speeds with speeds less than 5 mph (8 kph or 2.2 m/s) recommended (Figures 15- 
8 and 15-9). The only thing that appears to be true about environmental influ- 
ences is that fewer components fail outside during cold windy days. 
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Figure 15-7. Variations of power line temperature with wind speed 
and direction. The temperature is constant for speeds less than 1 m/s 
(2.2 mph or 3.6 kph) (From reference 6) 


Figure 15-8. Wind effects on the temperature of an oil-filled circuit 
breaker. A moderate wind cooled the connectors to the temperatures 
shown. (By courtesy of J. Fritz, Snell Infrared) 
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Figure 15-9. With a light wind, the connector temperatures 
approached the calm-air, steady state values. The true temperature 
differences (masked by the wind in Figure 15-8), suggest that a 
problem exists. (By courtesy of J. Fritz, Snell Infrared) 


15.3. POWER DISTRIBUTION INSPECTION 


Transmission lines are largely cross-country and therefore aerial inspec- 
tion is preferred. The three items of prime interest are line clamps, connections, 
and insulators (Figure 15-10). While the inspection, ideally, should be carried out 
at nighttime to avoid solar loading and possible sun glints, it is difficult to locate 
power lines in the darkness. In the early morning, there is sufficient light without 
significant solar loading. 


When possible, position the airplane such that the wire is against a neu- 
tral background to avoid confusion between hot spots and ground clutter. The 
inspection may appear somewhat boring since faults are typically far apart. It 
may difficult to measure the temperature from an aircraft due to vibration of the 
aircraft, wind swaying the wires, and the fault being smaller than the MIFOV. It 
may be appropriate to locate problem areas from the air and then to perform a 
ground inspection to verify the temperature. 
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Figure 15-10. Overheated electrical connection. (By courtesy of 
the Academy of Infrared Thermography). 


Transformer bushings insulate the electricity from the ground plane. They 
are also waterproof to prevent water from entering the transformer. The question is 
whether the heat is being generated in the external bushing connection or whether the 
bushing is acting as a heat sink for an internal problem. We cannot see inside the 
transformer and therefore cannot see the precise location of the defect (Figures 15-11 
and 15-12). To allow for seasonal load changes. electrical inspections should be 
performed at least twice a year. Many transformers are oil-filled and have cooling 
fins. When operating properly, the cooling fins will have a uniform temperature 
distribution. Blocked fins (Figure 15-13) will be cooler. 


Figure 15-11. Overheated transformer bushing. (By courtesy of 
the Academy of Infrared Thermography). 
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Figure 15-12. Overheated bushing. (By courtesy of IRcameras.com). 


Figure 15-13. Blocked cooling fins on an oil-filled transformer 
(By courtesy of Gary J. Weil, president, EnTech Engineering). 


238 Common sense approach to thermal imaging 


15.4. REFERENCES 


1. G. S. Baird, “Quality Aspects of Electric Utility Inspections,” in Thermosense VIII, H. Kaplan, 
ed., SPIE Proceedings Vol. 581, pp. 98-102 (1985). 


2. J. L. Giesecke, “Substation Component Identification for Infrared Thermographers." in Thermosense 
XIX, R. N. Wurzbach and D. D. Burleigh, eds., SPIE Proceeding Vol. 3056, pp. 153-163 (1997). 


3. T. L. Hurley, "Infrared Qualitative and Quantitative Inspections for Electric Utilities," in 
Thermosense XII, S. A. Semanovich, ed., SPIE Proceedings Vol. 1313, pp. 6-24 (1990). 


4. J. R. Snell, Jr., “Problems Inherent to Quantitative Thermographic Electrical Inspections," in 
Thermosense XVII, S. A. Semanovich, ed., SPIE Proceedings Vol. 2473, pp. 75-81 (1995). 


5. T. Perch-Nielsen and J. C. Sorrensen, “Guidelines to Thermographic Inspection of Electrical In- 
stallations," in Thermosense XVI, J. R. Snell, ed., SPIE Proceedings Vol. 2245, pp. 2-13 (1994). 


6. S. G. Burney, T. L. Williams, and C. H. N. Jones, Applications of Thermal Imaging, page 86, 
Adam Hilger, Philadelphia, PA (1988). 


7. R. Madding and B. R. Lyon, Jr., “Environment Influences on IR Thermography Surveys,” 
Maintenance Technology, pp. 36-41 (December 1999). 


16 


ELECTRICAL/MECHANICAL 
INSPECTION 


The motor provides the link between electrical power and mechanical 
power. During normal operation, motors will heat up due to electrical and me- 
chanical energy dissipation. The windings have resistance and heat is a by-prod- 
uct of friction. As with electrical components, it is important to be able to identify 
faulty components. This chapter discusses the electrical connections to the motor 
(via a distribution panel, fuses, and bus bars) and the mechanical output (bear- 
ings, pulleys, and belts). 


In order to determine if a motor is operating outside of its normal 
temperature, the following questions must be answered: What is the capacity of 
the motor? What are its ratings? What temperature rise (absolute or differential 
above ambient) is significant? Is it operating under different conditions than 
normal? To evaluate a motor properly requires a tremendous amount of 
information. It is extremely valuable to have a baseline thermograph that indicates 
the temperature distribution when operating under normal load. Thermal anomalies 
are any deviations from this baseline or “golden” thermogram. While always 
looking for hot spots, a cool spot may indicate an open circuit or inoperative 
element. Interestingly, an open in one part of a circuit may cause an overload (and 
hence heat) in another part of the circuit. The current must always be checked. 


A thermal anomaly (also called an exception, deficiency, or fault) refers 
to a component whose temperature is different than expected. The temperature 
may be either greater of less. Generally, the term deficiency or exception is restricted 
to those components that appear to be non-operational, not performing properly, 
or defective. 


The material in this chapter draws heavily from references 1-4. Additional 


information on electrical inspections is in Appendix C, Thermal Sensing and 
Imaging 1980-1999. 


239 


240 Common sense approach to thermal imaging 


16.1. BASELINE THERMOGRAM 


To determine an adverse operating temperature of a component it is necessary 
to have a baseline thermogram (or “golden” thermogram). With a clear understanding 
of normal operation it is easy to quickly identify a thermal anomaly. 


Baselines vary with manufacturer, materials used, surface finish, paint 
or other coating, environment, location, and proximity to other heat producing 
equipment. Consequently, the baseline may be unique to the particular unit being 
tested. Under ordinary operating conditions, a machine may develop hot spots 
that are perfectly normal, expected, and even bv design. 


For rotating machinery, two choices are possible. (1) Stop the machinery 
and take a thermogram. The image must be captured quickly to avoid cool down. 
(2) Synchronize the camera with the rotation. The frame time must be fast to 
prevent blurring. This is similar to using a strobe light to stop action (See Figure 
2-18). However, most rotating machinery have safety shrouds. The shroud, of 
course, limits your view of the rotating parts. 


16.2. ELECTRICAL CONNECTIONS 


Figure 16-1 illustrates a distribution panel. Each connection and fuse has a 
very small resistance. When current passes though the circuit, all components will 
heat up (Figures 16-2 through 16-4). As a connection corrodes, the resistance in- 
creases with a commensurate increase in temperature. The fundamental question is 
“Is the temperature rise excessive?” When the temperature is above a predetermined 
value, then the component is deemed defective and must be replaced. 


FUSES CONNECTORS 


MOTORS 


LIGHTS 
HVAC 


MANUFACTURING/ 
: PROCESSING 


Figure 16-1. Distribution panel. 
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Figure 16-2. A poor connection that is underneath the bolt and hid- 
den from view. The wire conducts the heat away from the fault. If 
the wire were overloaded, the entire length would be at a uniform 
elevated temperature. (By courtesy of the Academy of Infrared 
Thermography). 


Figure 16-3. Overloaded wires. (By courtesy of IRcameras.com). 


Figure 16-4. Poor connection on a knife switch. (By courtesy of 
IRcameras.com). 


242 Common sense approach to thermal imaging 


There are two considerations for identifying anomalies. Temperature 
guidelines specify the maximum temperature bv an absolute temperature and dif- 
ferential temperature above ambient. The second is by comparison to companion 
components in similar circuitry. The latter refers to three-phase systems where all 
phases usually carry the same current. If a component in one phase has a different 
temperature than the other two components, then that component is suspect. Causes 
of excessive heat include overloaded circuits, corroded connectors, broken wires, 
loose connectors, phase imbalance, and defective components. While Figures 16- 
2 through 16-4 illustrated overheating, it is important to measure the actual tem- 
perature and differential temperature (Figures 16-5 and 16-6). 


To have a good connection, two elements must be taken into account: 
clean contact surfaces and proper pressure. It is important to understand that just 
because a connection is identified as a thermal anomaly does not mean it is loose.! 
It could be oxidized, corroded, or have dirty contact surfaces. There may be a 
problem with cross threading, the wrong bolt or screw may be in place, the 
connection may be wrongly sized, or conductor strands may be broken away from 
the fitting. In these situations, applying a specified torque will not result in a good 
electrical connection. 


We know when our car does not start (insufficient power to turn over the 
engine), that the battery is probably at fault. If the battery connections are corroded, 
they are immediately suspected. Corrosion is probable since car batteries are based 
upon a lead-acid combination. We also learned that trying to tighten the connection 
may provide temporary relief — the car starts a few more times. But we know that 
the connections must be completely cleaned to restore full electrical contact. 


THERMOGRAM LINE PROFILE 


Figure 16-5. Overheated connection. The temperature profile across 
one line ofthe thermogram (indicated by the horizontal white line) 
shows a temperature rise of nearly 90°F (50°C). (By courtesy of 
Gary J. Weil, president, EnTech Engineering). 
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VISIBLE 


THERMOGRAM LINE PROFILE 


Figure 16-6. Overheated circuit breakers. The temperature profile 
shows a temperature rise of nearly 30°F (16.7°C). (By courtesy of 
Gary J. Weil, president, EnTech Engineering). 


Interestingly, although we know that corroded car battery connections 
must be thoroughly cleaned, we do not think so with other electrical connections. 
Probably because the corrosion is not as evident as that seen on a car battery. 
Even if the connection is loose (which will have an elevated temperature), it prudent 
to clean it before retightening it. 


16.3. MOTORS: ELECTRICAL COMPONENTS 


In general, the motor life is halved for each 10°C (18°F) temperature 
increase. Moisture, bearing lubrication, and chemicals react with the insulation 
and short out the windings. When a turn of the winding shorts to another, it forms 
an inductive loop. This inductive loop, subjected to 60-cycle alternating current, 
generates heat. The heat breaks down more insulation. This causes more shorts 
and ultimate failure of the entire winding. 
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A three-phase motor with a five-amp difference between leads is consid- 
ered to have a phase imbalance. A short in the motor or undersized terminals, 
resulting in current flow restriction can cause phase imbalance. The heat buildup 
causes the wire insulation to break down, exposing bare wires. If bare wires are in 
the housing, the wires will contact the housing and create a short. 


Motors create inductive fields that can cause excessive heating within 
ferrous components. If not properly shielded, these fields can heat up ferrous 
components external to the motor. Ferrous bolts may have been used to replace 
non-ferrous fasteners. Hot spots due to inductive heating may not be considered 
dangerous. 


While simple in theory, motors are quite complex. Brown?? has identi- 
fied the following motor components that can create heat as they degrade: 


Direct Current (DC) motors 
Bad solder connections on a commutator riser, unequal brush tensions, shorted 
armature coils, pin-pointed electrical ground locations in armatures, grounded 
interpoles, shorted field coils, external cooling fans running backwards, loose 
field coils, bad couplings, and loose brush pigtails. 


Alternating Current (AC) motors 
Shorted stator coils, loose ring connections on wound rotor motors, loose 
armortisseur winding connections on synchronous motors, shorted stator iron, 
open winding connections, and grounds in stators and rotors. 


16.4. MOTORS: MECHANICAL COMPONENTS 


Bearings reduce friction between a rotating shaft and the fixture that 
holds the shaft in place. Figure 16-7 illustrates that all motors have two bearings. 
A variety of bearing configurations exists from lubricated roller bearings to simple 
unlubricated Teflon sleeves. With no load, the bearings in Figure 16-7 only have 
to support the weight ofthe rotor. When attached to machinery, an additional load 
is added. The motor power and the bearing strength limit the maximum mechanical 
load. 


Immediate evaluation of the bearing condition is determined by compar- 
ing duplicate motors in the area running under the same load and by comparing 
the bearing temperature with its own housing. A bearing should not be warmer 
than its housing. 
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BEARINGS 
Figure 16-7. Motor bearings. 


Bearings do not fail instantaneously. It is a progressive failure where con- 
tinual rotation increases the temperature and further damages the bearing. Bearing 
fail due to excessive loading, lack of lubrication, and dirt in lubrication (Figures 16-8 
and Figure 16-9). The problem of determining heat flow from a bearing in a specific 
application is rather complex. Factors affecting the rate of heat dissipation include: 


1. Temperature gradient from bearing to housing. Size and configuration of 
the housing, and external cooling created by fans or HVAC ducts affect the 
temperature gradient. 


2. Temperature gradient from bearing to shaft. Other heat sources such as 
gears and additional bearings affect the temperature of the shaft. 


3. The heat carried away by a circulating oil system, such as that found in the 
gearbox of a pumping unit. 


GOOD BEARING OVERHEATED BEARING 


Figure 16-8. A close-up of an enclosed motor bearing. Only a 
small portion of the motor is shown. The bearing cannot be 
seen. Its temperature is estimated from the temperature of the 
motor housing. (By courtesy of the Academy of Infrared Ther- 
mography). 
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Figure 16-9. Overheated pinion gear shaft on a ball mill. (By cour- 
tesy of the Academy of Infrared Thermography). 


16.5. MACHINERY 


Figure 16-10 illustrates a motor connected to another mechanical com- 
ponent via a flexible coupling. The coupling may be a universal joint that has 
bearings or a material that flexes. The flexible joint is used to overcome any 
misalignment that might exist between the motor shaft and the mechanical shaft. 
As the misalignment increases, the flexible coupling flexes more and, since fric- 
tion is associated with all mechanical components, will heat up (Figures 16-11 
and 16-12). 


FLEXIBLE 
JOINT 


FAN, 
GENERATOR, 
d OR GEARBOX 


BEARINGS 


Figure 16-10. Mechanical coupling via a flexible shaft. 
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Figure 16-11. Flexible coupling with one side warmer than the 
other. The coupling is underneath the safety shroud and cannot be 
seen. (By courtesy of the Academy of Infrared Thermography). 


Figure 16-12. Overheated bearings on both sides of a coupling. 
As with nearly all machinery, safety shrouds prevent viewing 
rotating components. (By courtesy of the Academy of Infrared 
Thermography). 


No temperature guidelines exist for flexible couplings. Kelch and Grover? 
performed a series of experiments to determine the temperature rise as a function of 
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misalignment. They attached a 10-hp motor to an 8000W generator with a flexible 
rubber coupling. The generator was operating at 50% load and they obtained the 
results given in Table 16-1. These data should not be construed as guidelines for 
flexible couplings. Rather, they indicate that misalignment adversely affects the tem- 
perature of the coupling. It is clear that as the misalignment increases, the temperature 
increases. At some (undefined) misalignment value, the temperature of the coupling 
will reach a value that is deleterious to the coupling material. 


Table 16-1 
COUPLING TEMPERATURE DUE to MISALIGNMENT 
(From reference 4). 


(inches) Temperature 
80.8°F* 


* Near ambient temperature 


Figure 16-13 illustrates mechanical connection by pulleys and a belt. 
Mechanical friction and stress points will heat up the pulleys, belt, and bearings. 
The mechanical coupling could also be a gear train. Each gear within the gear 
shaft will have two bearings (Figure 16-14). 


PULLEY 


FAN, GENERATOR, 
MIXER, COMPRESSOR 
OR OTHER MACHINERY 


PULLEY 


Figure 16-13. Mechanical coupling by a belt. Gear trains also 
connect mechanical components. Depending upon the shaft length 
and load, the shaft may be supported by additional bearings. 
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Figure 16-14. Overheated gearbox. Disassembly is required to locate 
the defective component. It could be a bearing, bent shaft, or misaligned 
gears. (By courtesy of the Academy of Infrared Thermography). 


Fans can be direct-drive or belt driven. Single or multiple belts may be used? 
The interaction of the sheaf and the belt generates friction. Additionally, cyclic tension 
and compression in the elastic belt creates internal friction. By establishing the normal 
amount of heat generated in a properly operated system, criteria can be established for 
identifying improper operation. Excessive belt pressure can increase the load on the 
fan motor and bearings. Too little pressure will result in belt slippage. For multi-belt 
systems, it is important that the belts be from a matched set. Matched sets will have 
the same size so that when tightened, they all have the same pressure. Otherwise, the 
looser belts will slip and require the tighter belts to work harder Figure 16-15). 


Figure 16-15. Multi-belt pulley. The pulley shaft is horizontal and 
the drive motor (not seen) is below the pulley. A wire mesh safety 
shroud covers the pulley and belts. The pulley shaft is misaligned 
from the motor shaft. Consequently, the belts on the right-hand 
side are under greater tension and become hot. The looser belts on 
the left-hand side are cool and cannot be seen in this thermogram. 
(By courtesy of the Academy of Infrared Thermography). 
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16.6. EMISSIVITY 


All electrical components and most mechanical components are made of 
metal. Unfortunately, the emissivity of polished metal is low. Small errors in es- 
timating the emissivity or surrounding temperature leads to large errors in the 
calculated temperature (see Section 12.3.3. Emissivity uncertainty). With highly 
reflective components, the surrounding temperature is a major contributor to the 
measured radiation. If the distance between the thermographer and the reflective 
component is only a few feet, then the thermographer's body temperature con- 
tributes to the surrounding temperature. This further complicates quantifying the 
surrounding temperature and leads to a larger component temperature uncertainty. 


While the emissivity may not be know precisely, it may be permissible 
to assign a "default" value to commonly measured components. This creates an 
arbitrary baseline. At the Peach Bottom Atomic Electric Power Station, Wurzbach 
and Hammaker used the values listed in Table 16-2 for electrical surveys. The 
materials are those commonly used in electrical equipment and connections. 
*Default" values vary with surface conditions and environmental conditions. 
Components built by different manufacturers may also have different surface 
conditions. However, at any particular location the variation can be small. That 
is, it is reasonable to assume that the emissivities (although different) will remain 
constant at their respective locations. 


Table 16-2 
REPRESENTATIVE DEFAULT EMISSIVITY VALUES 
(From reference 6) 


Aluminum motor boxes, 02 
aluminum panels f 
Copper (bus bar) 0.4 


Stainless steel (bolted 
connections in electrical 0.6 
equipment) 


Painted surfaces 0.9 


Rotating shafts and couplings frequently show surface anomalies (such 
as paint drops, grease, or scuffed or polished spots) and thus make a quantitative 
determination difficult, as these differences can appear as relative hotspots. It is 
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possible to distinguish a rotating hotspot from a rotating emissivity difference. 
Any spot of uniform temperature is probably due to an emissivity difference since 
thermal conductivity would dissipate heat into the surrounding material. That is, 
a true hot spot would not have sharp edges but a temperature gradient that starts at 
the background temperature and increases to a maximum value. 


16.7. TEMPERATURE GUIDELINES 


Manufacturers have established threshold temperatures for many com- 
ponent materials. However, these are very conservative and cannot readily be 
translated to the needs of thermographers. No universal standard exists for deter- 
mining when equipment should be repaired or replaced. Each industry has cre- 
ated a list of guidelines based upon practical knowledge. 


16.7.1. ELECTRICAL CIRCUITS 


Temperature guidelines should include both the component's absolute 
temperature, Tcomponenr and the temperature differential, AT = Tcomronenr - 
T mgnr For 3-phase installation, the difference between phases, AT pase is also 
important. To ensure that the temperature has reached equilibrium, the load must 
have been constant for at least 45 minutes before the examination takes place. 


Note that if any resistance exists, there will be a temperature increase. 
The ideal connection is perfect: It does not have any resistance, and an ideal 
circuit will not experience any temperature increase. By definition, a temperature 
increase represents a defective connection. The only question is when to repair or 
replace the connection. Table 16-3 lists representative temperatures for electrical 
circuits. The precise values depend upon the specific equipment involved. Repair 
priority also depends upon the need for continuity of operation and the seriousness 
if the component fails (fire or explosion). The ultimate decision to repair must be 
made by plant personnel familiar with the impact of component failure. 
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Table 16-3 
REPRESENTATIVE ELECTRICAL REPAIR PRIORITY 
Precise values depend upon specific equipment 


Situation Repair priority 


Greater than 50°C : 3 . 
(Greater than 90*C) Immediate repairs required 


30°C to 50°C 
(54°F to 90°F) 


Acute overheating 


Excessive 
overheating 


Repair as soon as possible 


Should be attended to 
at the first opportunity 


Should be monitored 
and repaired during next 
scheduled maintenance 


Second stage of 
overheating 


First stage of 
overheating 


As discussed in Chapter 15, Power distribution, the temperature rise is 
related to the current at the time of measurement. Ideally, the system is working 
at full capacity so that you measure the highest temperature that the component 
will reach. Unfortunately, this is not always the case. The temperature at full load 
must be calculated from the measured values: 


N 
Trur- 
Trur- roan = TAMBIENT + (7, MEASURED — T4 warmer] ord uH 


1 MEASURED 
and 
7 N 
ATrutt-roap = AT, essene LE. (16-2) 
MEASURED 
J N 
AT, PHASE- RATED = nase Lett tta . (16-3) 
MEASURED 


where the exponent N depends upon the estimated thermal conductivity (Table 16-4). 


Table 16-4 
EXPONENT for TEMPERATURE 
(From Reference 7) 


Heat conductivity | Exponent | 
L6 
K 


Low 2.0 
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LOW VOLTAGE CIRCUITRY 


For low voltage circuitry, an anomaly is identified when the measured 
temperature exceeds the values given in Table 16-5. Once an anomaly has 
been identified, some corrective action is required. 


Table 16-5 
REPRESENTATIVE LOW VOLTAGE MAXIMUM AT 
Precise values depend upon specific equipment 
(From reference 7) 


Measured temperature | Temperature difference, AT 


AT,,,,s; (3-phase system) 3?C (S.4?F) 
35°C (63°F) 


eS 


3-PHASE SYSTEMS 


Table 16-6 lists those corrective actions (repair priority) recommended when 
AT pyase 18 high. 


Table 16-6 
REPRESENTATIVE PHASE REPAIR PRIORITY for 3-PHASE SYSTEM 
(From reference 7) 


Temperature difference, AT Repair priority 


Greater than 30°C Acute Immediate repairs 
(Greater than 54°F) overheating required 

5°C to 30°C 
(9°F to 54°F) 


Developed 
overheating 


Repair as soon 
as possible 
Should be monitored and 
repaired during next 
scheduled maintenance 


3°C to 5°C 
(5.4°F to 9°F) 


First stage of 
overheating 
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HIDDEN CONTACTS 


Although the above tables provide temperature limits, heat conduction must 
also be considered. The temperature of hidden connections or contacts can 
only be estimated from surface temperature measurements. Since conduction 
will disperse the heat, the temperature of components overlaying hidden 
components will be lower than the values given in the above tables. Table 
16-7 provides representative values and repair priority for hidden connections. 


Table 16-7 
HIDDEN CONNECTIONS/CONTACTS 
(From reference 7) 


Greater than 3°C Must be repaired 
(Greater than 5.4?F) immediately 
1°C to 3°C Must be repaired during the 


(1.8°F to 5.4°F) 


16.7.2. MECHANICAL SYSTEMS 


Temperature difference, AT Repair priority 


next scheduled maintenance 


During normal operation, motors will heat up due to electrical and me- 
chanical energy dissipation. Friction creates heat in all mechanical devices. Sim- 
ply stated, all mechanical components will experience a temperature increase 
during normal operation. This increase depends upon the design and load. Table 
16-8 provides a representative mechanical repair priority. It is similar to the elec- 
trical repair priority (Table 16-3) but has one major difference. Under normal 
operation, mechanical components will heat up due to friction. The ideal circuit 
does not have any resistance and therefore will not heat up when current flows. 


Any heat in an electrical circuit represents a potential problem. 
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Table 16-8 
REPRESENTATIVE MECHANICAL REPAIR PRIORITY 
Precise values depend upon specific equipment 


Temperature rise bio) cde — ck 

Greater than 50°C Acute Immediate repairs 
(Greater than 90°F) | overheating required 
30°C to 50°C Excessive Repair as soon 
(54°F to 90°F) overheating as possible 

10°C to 30°C Second stage Should be attended to 
(18°F to 54°F) of Overheating at the first opportunity 

5°C to 10°C Should be monitored and 


(9°F to 18°F) repaired during next scheduled 
maintenance 


Less than 5°C Normal Kona 
(Less than 9?F) operation 
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17 
BURIED OBJECTS 


Thermal imaging is useful for finding a variety of buried objects such as 
grave sites! (Figure 17-1), buried land mines,’ storage tanks, pipelines, and defects in 
bridges (Figure 17-2). Most pipelines,’ whether they contain oil, chemicals, water, 
steam, gas, or sewage, fail slowly through corrosion and small cracks and then gradu- 
ally progress to a catastrophic ending. This disastrous failure can be expensive in 
terms of both dollars and lives. When a sewer caves in, it often takes the street, side- 
walks, and surrounding buildings along with it, endangering public health and safety. 


Figure 17-1. Graves at a cemetery. (By courtesy of Gary J. Weil, 
president, EnTech Engineering). 


LONGITUDINAL BEAM 


Figure 17-2. Corrosion at a joint and longitudinal beam on a bridge 
deck. (By courtesy of Gary J. Weil, president, EnTech Engineering). 
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Finding buried objects is a qualitative task. The thermal signature depends 
upon the thermal properties ofthe overlaying material (soil, dirt, rocks, or concrete). 
With lateral heat conduction, the signature of the buried object is typically larger 
than the object. Signatures are not well defined and object detection often depends 
upon other clues. For example, pipes are typically laid in straight lines or it is 
known that there are buried items — but the precise location is not known. Target 
recognition and identification is usually not possible. It can only be confirmed by 
digging up the buried object. 


Numerous papers have been presented at several annual SPIE confer- 
ences. These conferences have printed proceedings available from SPIE. They 
are Detection and Remediation Technologies for Mines and Minelike Targets, 
Nondestructive Evaluation of Utilities and Pipelines, and Infrared Technology 
and Applications. This chapter draws heavily from References 1-8. Addition in- 
formation can also is in Appendix C, Thermal Sensing and Imaging 1980-1999. 


17.1. HEAT TRANSFER 


The surface temperatures that are measured above a buried pipeline are 
dependent upon the soil properties, surface condition, environment, and heat 
source. For a single object (e.g., empty or filled storage tanks) solar loading pro- 
vides the heat. Many pipes carry heated fluids such as steam and chemicals. These 
fluids provide the heat that creates the temperature differential on the surface. 


Figure 17-3 illustrates a buried object. It may be either an empty con- 
tainer (storage tank) or a solid object (land mine or filled container). Solar load- 
ing heats up the ground and the object. If the object is empty, the air acts as a 
thermal insulator and prevents heat from penetrating to the ground beneath the 
object (Figure 17-4). Thus, the ground above the empty object becomes warmer 
than the surrounding. During nighttime, the heat escapes to the sky and the area 
over the empty object appears cooler. Undocumented underground storage tanks 
are usually removed because they may contain environmentally sensitive mate- 
rial. 


Ifthe object is filled with hazardous waste, gasoline, or oil, then the material 
has a different heat capacity than the surrounding soil. Since heat is stored in the 
higher heat capacity material, the surface over the object will appear warmer than the 
surrounding soil during nighttime. 
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BURIED 
OBJECT 
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Figure 17-3. Heat flow at (a) daytime and (b) nighttime. 


AIR AIR 


GROUND GROUND 


BURIED 
OBJECT 


Figure 17-4. Underground storage tank (UST). Both filled and 
empty tanks produce thermal signatures. (By courtesy of Gary J. 
Weil, president, EnTech Engineering). 


Figure 17-5 illustrates a pipe whose temperature is different from the 
ground. It may be a steam line or a refrigeration line in an ice skating rink. Since 
the material passing through the pipe is at a different temperature than the soil, 
the thermal signature should be visible during the day and night. The heat travels 
radially from the pipe. This provides a flared temperature distribution on the sur- 
face. That is, the image is much wider than the heated pipe. 
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AIR 
GROUND 


Figure 17-5. A heated (illustrated) or cooled pipe will provide a 
thermal signature all the time. The heat conduction will provide 
a flared temperature distribution on the surface. 


A buried land mine may be more difficult to detect because its signature 
may be similar to that of buried rocks or other natural ground variations. Land 
mines are usually randomly located whereas pipes run in consistent directions 
(Figure 17-6). Further, animals may burrow (e.g., prairie dogs, mice, and moles) 
or dig holes (e.g., rabbits) that create local temperature variations. These may be 
similar to the mine signatures and thus act as thermal clutter. 


PIPE 


SMALL 
VOID 


Figure 17-6. Buried pipes have a distinctive thermal signature. 
The signature of small buried objects such as land mines can be 
similar to rock signatures. Voids and small holes may produce a 
signature similar to the mine signature. 
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17.2. ENVIRONMENT 


Buildings and vegetation produce shadows that reduce solar loading (Fig- 
ure 17-7). Since shadows constantly move, solar loading variations tend to aver- 
age out to a uniform level. Nevertheless, to improve solar loading, grass should 
be mowed and shrubs should be removed. Vegetation prevents the sun's energy 
from entering the ground and also prevents you from measuring the true ground 
temperature. 


Good, compacted backfill should provide good thermal conductivity. 
However, soil erosion and poor backfill increase the insulating ability of the soil 
by reducing the heat conduction properties. This makes it more difficult to locate 
buried objects. 


BURIED PIPE 


Figure 17-7. Trees, shrubs, other vegetation, and buildings can 
block solar loading. Usually, clean backfill is used to fill up the 
trench after the pipe or tank is buried. 


17.3. UNDERGROUND OBJECTS 


Small objects may be found by an inspection on foot. Buried pipelines 
are probably best viewed from an airplane. 


17.3.1. HOT FLUIDS 


The heat from a steam line is transferred through the ground by conduc- 
tion, and once it reaches the surface of the ground the energy is transferred by 
radiation, convection, and conduction to surrounding surfaces. Because the sys- 


Buried objects 261 


tem is in a steady state condition, the heat transfer from the surface of the ground 
to the environment is equal to the heat transfer from the steam line to the surface. 
By calculating the heat released at the surface, it is possible to estimate? the heat 
loss from a steam pipe and calculate the temperature of the steam pipe. 


As expected, the temperature over the centerline of the pipe is highest 
for the shallowest depth of pipe.’ The surface temperature decreases as the pipe 
depth increases. Figure 17-8 illustrates the surface temperature of a concrete- 
buried pipe starting at the centerline and moving 25.4 cm laterally. Figure 17-9 
illustrates the temperature as a function of wind speed. The temperature decreases 
dramatically as the depth increases and the wind speed increases. Further, it indi- 
cates that the apparent width of the pipe increases with depth. However, this is 
not a problem if the only requirement is to locate the pipe. If the soil or concrete 
is homogenous, the pipe will always be in the center of the flared image. As with 
most outdoor thermal imaging system applications, the wind speed should be less 
than 15 mph (24 kph or 6.7 m/s) (See Section 11.3.3. Wind). 
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Figure 17-8. Calculated temperature distribution for a 2-inch 
diameter pipe buried in concrete for three different depths. The 
pipe is carrying a fluid whose temperature is 93°C (200°F) and 
the ambient temperature is 15°C (60°F). (From Reference 5). 
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Figure 17-9. Calculated temperature distribution for a 2-inch 
diameter pipe buried at 25.4 cm in concrete as a function of wind 
speed. (From reference 5). 


While it may be necessary to simply locate a buried pipe, it is more impor- 
tant to determine if it is leaking. A leaking pipe will create an underground pool of 
liquid (Figure 17-10). The utility companies in many older cities supply steam heat to 
a large number of customers. Steam leaks are easily found?" since a great deal of 
heating on the ground occurs. 


Figure 17-10. Thermogram of a buried oil pipeline, leak, and leak 
plume. Since the liquid has a different heat capacity than the ground, 
it will have its own unique thermal signature. (By courtesy of Gary 
J. Weil, president, EnTech Engineering). 
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The size, shape, and location of the pool depend upon the soil properties. 
The fluid will enter existing cracks and crevices and the pool can be any shape. 
For example, Salt Lake City, Utah heats the pavement during the winter months 
in order to melt ice and snow before it could become dangerous to pedestrians 
and traffic. Leakage is easily determined thermographically (Figure 17-11). As 
G. J. WeiP stated: 


Most leaks though, were more difficult to locate because they did not 
start with a "hot" spot and radiate in a circular pattern from the leaks. 
Instead, these leaks started with a smaller "hot" spot and spread out 
along the pipeline for just a short distance. It was determined this 
signature signified smaller leaks that had not cracked the pipeline 
concrete encasement, but rather, exited the water pipe and traveled along 
the outside of the pipeline until it found an exfiltration point somewhere 
downstream in the pipe casement. The reason the heat dissipated so 
quickly was that the line acted as a heat sink and quickly brought the 
outside water temperature to the temperature of the line. 


Figure 17-11. Thermogram of buried hot water pipeline grid 
used to melt snow and ice on roadway pavement at Salt Lake 
City, Utah. The arrow points to a leak. (By courtesy of Gary J. 
Weil, president, EnTech Engineering). 
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17.3.2. VOIDS 


Water leaking from a pressurized water main can cause the formation of 
voids in soil surrounding pipes by washing away soils (Figure 17-12) or compacting 
adjacent soil. For leaking sewer lines, the water can compact the soil but also can 
wash the soil down through the sewer line. Voids around sewers can be detected 
on exposed asphalt parking lots from the air.* Voids will provide the essentially 
the same thermal signature as an empty container. Large voids are dangerous 
since they can cave in. 


Figure 17-12. Leaking water pipes or leaking sewer lines can 
form a void in the ground. 
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SURVEILLANCE 


Although surveillance refers to the observation of a person, this definition 
is extended to include the detection, recognition, and identification of both people 
and objects. It includes search and rescue, endangered species monitoring, border 
patrol, law enforcement, and military applications. Systems designed for 
surveillance tend to be different than those designed for condition monitoring and 
predictive maintenance (Table 18-1). Surveillance activities are usually qualitative. 
In a very broad sense, all qualitative applications (building envelope, roof, and 
electro-mechanical inspections) may be considered a form of surveillance. 


Table 18-1 
TYPICAL DIFFERENCES BETWEEN SURVEILLANCE and INSPECTION 


Minimum Limited by the detector 
target size size or detector pitch > pixels (recommended) 


Target contrast May be low contrast High contrast 


Image quality May be noisy Low Puy quality 


Long range, atmospheric Usually short range, 
transmittance affects atmospheric transmittance 
detection near unity 


The minimum resolvable temperature (MRT) is a measure of an observer's 
ability to detect a four-bar target embedded in noise. The Johnson criterion relates real 
targets to equivalent bar-chart targets. Thus, the link between real targets and the 
MRT is the spatial frequency associated with the real target and the four-bar targets. 
Range to the target is increased at the expense of image quality. This is achieved by 
increasing the system gain until noise is apparent and the imagery is “snowy.” 


The U.S. Army developed the first thermal imaging performance model 
in 1975. While officially titled "Night Vision Laboratory Static Performance 
Model,” it is commonly called the Ratches model in honor of the principal author. 
We will call it the 1975 NVL model. In 1992, the U.S. Army upgraded the model 
to include performance parameters of staring arrays. This new model was simply 
called FLIR92. These models are the main analytic tools for deriving system 
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requirements and predicting performance. While these models are used routinely 
for military applications, they generally are used only during system development 
for other surveillance activities. 


18.1. SURVEILLANCE APPLICATIONS 


Since all objects emit radiation, they cannot hide from detection by thermal 
imaging systems. Even in total darkness, people and objects can be detected. 
Consequently, surveillance can be effective 24 hours a day. The primary advantage of 
a camera is that it never becomes tired and it functions at peak efficiency all the time. 
Its only limitation is a limited field-of-view. 


Surveillance is a qualitative measurement. There must be an apparent 
temperature differential between the target and its background. This may be due to an 
emissivity difference or an actual temperature difference. Table 18-2 lists representative 
targets encountered in surveillance activities. 


Table 18-2 
TYPICAL TARGETS 


Representative targets 
Automobile safety People, animals, obstacles 


Law People, vehicles, boats, 
enforcement small planes 
Animals 


Air/space 
surveillance 


Military 


Fires, geological phenomenon, 
pollution, environmental changes 


Tanks, trucks, aircraft 


General Motors offers an optional thermal imaging system on its premium 
automobile, Cadillac. The uncooled pyroelectric detector provides range 
performance that is 3 to 5 times further than normal headlights. This allows the 
driver to “see” animals and people crossing the road at longer distances. Glare 
from oncoming headlights may prevent the driver from seeing obstacles, people, 
or animals. The thermal imaging system is not affected by glare and therefore 
offers an image that could not otherwise be seen by the driver. Since LWIR system 
performance is minimally degraded in haze and light fog, the imaging system 
offers a significant range advantage during poor weather. 
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The only effective way of defeating a surveillance system is to hide behind 
an opaque object. This includes extremely dense vegetation, buildings, vehicles, 
and natural objects (hills and rocks). Methods to reduce the apparent temperature 
have had limited success. The apparent temperature differential can be reduced 
with low emissivity paint or by adding thermal insulation. 


18.1.1. LAW ENFORCEMENT 


Law enforcement activities include catching thieves (Figure 18-1), 
fugitives (Figure 18-2), and illegal aliens (Figure 18-3). It is often important to 
determine is a vehicle has been recently driven. Although Figure 18-4 illustrates 
a moving vehicle, a recently driven vehicle will provide nearly the same 
thermogram with the exception of the heated taillights. Since engines have a high 
heat capacity, they will provide a thermal image for at least 4 hours. A fleeing 
fugitive discarded a recently fired gun (Figure 18-5). This gun was not visually 
discernable in the thick brush but was easily found with a thermal imaging system. 
Additional law enforcement activities include detecting forged documents and 
counterfeited money (see Figures 4-17 and 4-18). 


Figure 18-1. This car thief thought that, by operating at night, no 
one would be able see him. Although this image is saturated, it 
does not affect its usefulness as a surveillance tool. (By courtesy of 
the Academy of Infrared Thermography). 
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Figure 18-2. A fleeing fugitive climbing a fence. (By courtesy of 
IRcameras.com). 


Figure 18-3. Nighttime border crossing by illegal aliens. High 
resolution is not required for all surveillance activities. (By courtesy 
of IRcameras.com). 


Figure 18-4. Moving pickup truck. Friction between the road and 
tires will always heat up the tires. At grazing angles, a paved road 
becomes reflective and reflects the heat from the underside of the 
truck. The engine also heats the front wheels. Figure 11-20 
illustrated a dump truck (By courtesy of IRcameras.com). 
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Figure 18-5. A recently fired discarded gun. The heavy brush 
prevented visual discovery. (By courtesy of Indigo Systems). 


Drug interdiction includes locating individuals as illustrated in Figures 18-2 
and 18-3, locating small aircraft, and surveying dwellings. The thermogram illustrated 
in Figure 18-6 was previously presented in Figure 13-2. In that caption, it was stated 
that the excess heat was due to a broken window seal. However, if the window was 
intact and the owner was suspected of growing drugs, an alternate interpretation is 
possible. Cannabis requires a high temperature to grow (about 90°F or 32°C). Excessive 
temperature in a dwelling accompanied with high utility bills may indicate drug 
production. Image interpretability depends upon numerous facts. 


Figure 18-6. A room that may have been heated to grow cannabis. 
(By courtesy of the Academy of Infrared Thermography). 
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18.1.2. SEARCH AND RESCUE 


Sea rescue usually comes to mind when discussing search and rescue 
missions. The human body (98.6°F or 37°C) provides a large AT against a water 
background. Unfortunately, only a small portion is above water. While this small 
target is easily discernible at close distances, it becomes more difficult to locate 
at long ranges. It is similar to looking for a needle in a haystack. With a limited 
field-of-view system, a large distance is required to view a large area. But then 
the target becomes very small and may be hard to find. Shorter distances mean 
that a smaller area is viewed and overall search time is significantly increased. 


Smoke provides tremendous obscuration in the visible region of the 
spectrum but tends to be fairly transparent in the infrared region. The reason is 
further described in the next section. Firefighters use thermal imaging systems to 
locate fires and people (Figure 18-7). 


Figure 18-7. A sleeping woman in a smoked filled room. The dense 
smoke did not permit visual location. (By courtesy of Indigo Systems). 


18.1.3. AIR/SPACE SURVEILLANCE 


The U.S. Forest Service makes extensive use of thermal imaging systems 
to locate and track fires (see Figure 2-14). This is difficult in the visible region 
since the smoke obscures the actual fire. We cannot eliminate the smoke without 
eliminating the fire. It is therefore necessary to locate the fire and direct fire- 
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fighting personnel to the correct location. Since smokes do not attenuate LWIR 
radiation as much as MWIR radiation (See Figure 5-7), a LWIR system is desirable. 


Subsurface fires can exist in both natural (e.g., peat!) and man-made 
(e.g., landfill) materials. With subsurface fires, there is often little smoke. However, 
they produce a thermal signature. Since natural objects are heated by the sun and 
can produce solar reflections, it is recommended that subsurface fires be evaluated 
at nighttime. 


Shorelines can be monitored for illegal dumping or spillage of waste 
material. If the water is used for cooling industrial processes, then the heated 
discharged water may create thermal pollution (see Figure 2-16). Figure 18-8 
depicts an aerial view of a stream. Thermograms can locate cool water supplied 
by underground springs and heated water caused by man-made pollution. Both 
situations affect the local ecosystem. Oil spills can be located, tracked, and 
monitored. Since the emissivity of oil (£ = 0.97) is different from water (€ = 0.98), 
a thermal signature exists even though the temperatures are the same. 


Figure 18-8. Aerial view ofa stream. (By courtesy of IRcameras.com) 


The National Oceanic and Atmospheric Administration (NOAA) operates 
numerous satellites to collect global environmental data. The current satellites are the 
Advanced Very High Resolution Radiometer (AVHRR) and the Geostationary Opera- 
tional Environmental Satellite (GOES). These systems have a multi-spectral capability 
(Table 18-3). 
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Table 18-3 
AVHRR and GOES SPECTRAL BANDS (um) 


Channel Satellites Satellites Ue M 
6, 8, 10 7, 9, 11, 12, 14 É 


| 1 | 0.58t00.68 | 0.58 to 0.68 0.55 to 0.75 


0.725 to 1.00 | 0.725 to 1.00 3.8 to 4.0 

3.55 to 3.93 | 3.55103 93 6.5 to 7.0 

10.5t0 11.5 | 103to11.3 10.2 to 11.2 
5 


10.5 to 11.5 11.5 to 12.5 11.5 to 12.5 


The various channels are used to identify crops and environmental 
changes (visible and near IR channels). GOES’ channel 3 is used to locate water 
vapor. This is the image seen during many television weather reports. The LWIR 
bands are used to locate thermal differences. For many applications, the images 
supplied by NOAA are composites of two or more channels (i.e., imagery from 
channel 1 may be subtracted from the imagery obtained in channel 2) to highlight 
spectral differences. Figures 18-9 through 18-11 were obtained from NOAA's 
website.’ Geological surveys include volcanic activity and geothermal activity? 


Unimak Island 


Figure 18-9. Ash plume from the Shishaldin Volcano on the Aleutian 
island of Unimak taken with AVHRR channels 4 and 5. (By courtesy 
of NOAA?) 
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Figure 18-10. Heated water caused by the Gulf Stream off the 
eastern United Stated. The landmass is the Mid-Atlantic States and 
the major waterway is the Chesapeake Bay taken with AVHRR 
channels 4 and 5. The dark water on the bottom right is the warm 
Gulf stream. (By courtesy of NOAA’). 


<-cloudd 


Figure 18-11. Unidentified heated cloud in Greenland that may 
have been caused by a meteorite strike taken by AVHRR channel 
4. (By courtesy of NOAA’). 


18.1.4. ANIMAL MONITORING 


Accurate animal counting is extremely difficult. As an aerial evaluation, 
topology, vegetation, and weather conditions hamper it. Animal activity varies 
with the time of day and season. Sufficient resolution is needed to identify the 
specific species. This suggests that you must be relatively close. However, if too 
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close, they may be disturbed simply by your presence or the sounds emanating 
from the aircraft. 


Note that by using a higher resolution imaging system (small IFOV), 
you can view the animals at a longer distance. However, smaller IFOV systems 
will have a smaller overall field-of-view. As the FOV decreases, it becomes more 
difficult to survey large areas. For accurate counting you must consider the IFOV, 
FOV, and speed of the aircraft. Counting cannot be performed in real time if there 
are numerous animals scattered over a large region. Here the imagery is captured 
on videotape and evaluated later. 


18.1.5. MILITARY 


The battlefield is often labeled as the “dirty” battlefield to indicate that there 
may be soot and smoke from burning materiel, tactical screening smoke, and dust 
kicked up by bomb blasts and vehicular traffic. These airborne materials substantially 
reduce atmospheric transmittance. Since these materials do not affect LWIR radiation 
as much as MWIR radiation, the LWIR system is the system of choice for land-based 
operations. Tactical screening smokes such as phosphorus completely block view of 
the target in the visible region. These smokes are fairly transparent in the LWIR region 
(Figure 18-12). Muzzle blasts produce hot gases that are easily detected (Figure 18- 
13). As illustrated in Figure 18-14, a nonuniform background hampers target detection. 
This nonuniformity is often labeled as thermal clutter. Fortunately, another target cue 
is available: most objects are moving during surveillance activities. Aircraft engines 
are always detectable (Figure 18-15). 


Figure 18-12. Typical battlefield scene. The hot spots are pieces of 
burning phosphorus. Visually, you would see an incredibly large 
cloud of white smoke. (By courtesy of IRcameras.com). 
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Figure 18-13. Firing ofa 20-mm cannon. (By courtesy of IRcameras 
.com). 
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Figure 18-14. A tank on a road. The varying background alters the 
thermal signature of the tank. (By courtesy of IRcameras.com). 
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Jet Helicopter 


Figure 18-15. The hot engine and exhaust gases are easily discern- 
ible in the infrared region. (By courtesy of IRcameras.com). 


18.2. MINIMUM RESOLVABLE TEMPERATURE (MRT) 


The Johnson criteria link the MRT to range performance. The 1975 NVL 
model was used for scanning systems. To quantify all the noise sources that exist 
in staring arrays, the three-dimensional noise model was created and it is an integral 
part of FLIR92. Detailed descriptions of these models can be found in References 
4 through 7. This section highlights FLIR92 performance modeling methodology. 
The MRT was previously discussed In Section 7.4. Observer response and Section 
7.5. MRT and MDT. 


18.2.1. PERCEIVED SIGNAL-TO-NOISE RATIO 
The displayed SNR, for a very large target, is 


TA AT AT4ppARENT 
NEDT NEDT 


SVR = (18-1) 


The MTF of the camera reduces the signal created by small targets. Further, the 
eye/brain “filters” enhance the displayed SNR. Thus, the perceived signal-to-noise 
ratio becomes 


= g MIF sys AT apparenr Z (18-2) 


E 839 
MER NEDT (eye spatial filter) (eye temporal filter) 
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where k is a constant and MTF,,, includes both the camera MTF and the eye MTF. 
Selecting a threshold value that is required to just perceive a target and inverting 


Equation 18-2 provides a minimum detectable AT which is called the MRT: 


NEDT 


MTF oy 


B, E (18-3) 


where f, is the eye/brain filter that provides both temporal and spatial filtering. 
This equation is in the same functional form as the 1975 NVL model. FLIR92 
incorporates the three-dimensional model (described in the next section). When 
the eight “noise” components are included, the FLIR92 MRT model becomes 


MRT- SNR yy SEPT. 6 +B Os , (18-4) 
MTF 5y5 NEDT 


where each fj, is the “filter” that interprets noise value o,. Since the NEDT is a 
function of the background temperature, the MRT is also a function of the same 
background (See Figure 7-13). 


A word of clarification is necessary here. The constant, SNR, is 
approximately the SNR enhancement provided by the eye/brain filter. It includes, 
in part, both temporal and spatial integration effects. It is nor the signal-to-noise 
ratio of the video signal or the SNR of the luminance on the display. Depending 
on the noise characteristics and the target characteristics, the eye can detect" signals 
whose video SNR is as low as 0.05 (see Figure 7-11). To perceive these low 
SNRs, the target must be a well-known geometrical shape such as a bar, star, 
letter, or number. Small unrecognizable targets (a blob) require higher SNRs. 


The ability to perceive targets embedded in noise depends on the target 
spatial extent with respect to the noise spatial frequencies. Large bars are easier 
to perceive compared to small targets that “disappear” into the noise. Figure 7-11 
only illustrates the spatial integration capabilities of the eye. With live video, the 
random noise is changing from frame-to-frame and the eye’s temporal integration 
provides an additional enhancement by a factor of three to six. 
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18.2.2. THREE-DIMENSIONAL NOISE MODEL 


The noise is divided into a set of eight components? that relate temporal 
and spatial noise to a three-dimensional coordinate system (Figure 18-16). This 
approach allows full characterization of all noise sources including random noise, 
fixed pattern noise, streaks, rain, 1/f noise, and any other artifact. Analyzing the 
noise in this manner has the advantage of simplifving the understanding of complex 
phenomena by breaking it down into a manageable set of components. The method 
simplifies the incorporation of complex noise factors into model formulations. 


Figure 18-16. Three-dimensional noise model coordinate system 
illustrating data set N yy- 


The T-dimension is the temporal dimension representing the video 
framing sequence. The other two dimensions (horizontal and vertical) provide 
spatial information. For a staring array, n and m indicate detector element locations 
in the horizontal and vertical directions, respectively. 


Table 18-4 describes the three-dimensional noise components. The 
subscripts describe the noise “direction.” The value o,,,, represents the rms noise 
value of the three-dimensional data set m x n x N. O,,, is the rms noise value after 


averaging in the T-direction. Its data set contains m x n elements, and so on. 


Depending on the system design and operation, any one of these noise 
components can dominate. The origins of these components are significantly different 
and the existence and manifestation depend on the specific design of the imaging 
system. Not all of the noise components may be present in every imaging system. 
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Table 18-4 
THREE-DIMENSIONAL NOISE DESCRIPTORS 


3-D noise Description 
EE z 


NEUEM Random 3-D noise 


Spatial noise that does not change from frame-to-frame 


Variations in column averages that change from frame-to-frame 
(rain) 


Variations in row averages that change from frame-to-frame 
(streaking) 
Variations in row averages that are fixed in time 
6, A 
(horizontal lines or bands) 
Variations in column averages that are fixed in time 
(vertical lines) 


Frame-to-frame intensity variations (flicker) 


Fixed pattern noise is incorporated though Op Op and o,, . Currently, 
only 0,,,, is predicted (it is the NEDT) and the remaining noise componens must 
be determined from measurements or estimates. Figures 18-17 through 18-19, 

generated by the System Image Analyzer (SIA) software,'? illustrate the effect of 
these noise sources. Figure 18-17 is the basic image. In Figure 18-18, fixed pattern 
and random noise appear similar in a single frame. Random noise changes from 
frame-to-frame whereas fixed pattern noise does not. Figure 18-19 illustrates how 
O,, or O, affects the visibility of horizontal bars. Scanning systems often exhibit 


this type of noise. 


Figure 18-17. Ideal image (no noise). Generated by SIA software.” 


280 Common sense approach to thermal imaging 


Figure 18-19. Image with dominant horizontal banding (high o,,, 
or O,). 


18.2.3. TWO-DIMENSIONAL MRT 


Although FLIR92 is called two-dimensional, it is a two-directional model. 
That is, the threshold is predicted in the vertical and horizontal directions. With 
unequal MTFs, the predicted MRT will be different in the two directions. The two 
directional values are brought together with a two-dimensional spatial frequency 
that approximates the response of an equivalent radially symmetric system. 


The two-dimensional MRT is created by taking the geometric average ofthe 
horizontal and vertical MRT frequencies at each contrast value (Figure 18-20): 
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fuc pu mo os (18-5) 


The two-dimensional MRT is a mathematical construct that is used for range perform- 
ance predictions. It cannot be measured because f,, is perceptual and therefore is not 


real. 
/ 2D 
= vertical 
rad horizontal 
= 
f, fap fx 
SPATIAL FREQUENCY 
Figure 18-20. The two-dimensional MRT is mathematically 
created from the horizontal and vertical MRTs. It is really a 
two-directional MRT. 
18.3. RANGE PREDICTIONS 


The Johnson criterion provides the link between the target-angular- 
subtense and the spatial frequency scale on the MRT graph. The signature of the 
target is modified by the atmospheric attenuation. When the target’s apparent AT 
is reduced to the MRT curve, the performance range is obtained. Depending on 
the Johnson criterion selected, this intersection is the detection, recognition, or 
identification range. 


A word of clarification. Detection, as used with the Johnson criteria, 
means location of an object that we want to view with more detail. This is not 
“hot spot detection” which simply means location of a target. An object, if hot 
enough, can be detected. For example, we can see stars in the sky even though we 
cannot see any detail. Hot spot detection would be used in location of fires and 
infrared search and track (IRST) activities. The range to a “hot spot” object uses 
the minimum detectable temperature (MDT). 


282 Common sense approach to thermal imaging 


Within the real world, there is a probability associated with every parameter. 
The target signature is not one number but a range of values that follow a diurnal 
cycle. The atmospheric transmittance is not fixed but can change in minutes. There 
appears to be an overwhelming set of combinations and permutations. Therefore, 
only a few representative target contrasts and a few representative atmospheric 
conditions are selected and the performance range is calculated for these conditions. 


18.3.1. TARGET AT 


Because of the wide variation in target signatures, Ratches et. al. stated! 
One of the main problems in performance modeling is to obtain an exact target 
signature. ... The problem is further complicated by the fact that one target can 
have many different signatures under various operational and environmental 
conditions. .... We cannot easily describe all the complex target characteristics 
corresponding to the real-world IR signature ... . Therefore we utilize only the 
overall general features of the target such as size and average temperature 
difference from the background. The resulting predictions then correspond to the 
results of a large ensemble of experiments. However, the results of any specific 
experiment with its unique target signature will not necessarily come close to the 
predictions for the general ensemble. 


An average AT is assigned to each target. Table 18-5 provides some common 
values. These values assume that the background is near 293K. If the background is 
substantially different, then the target AT must be appropriately modified. 


Table 18-5 
REPRESENTATIVE ATs 


2.3 (front view) 


Animal (deer) 


0.75 (depends upon clothing) 
0.5 (top view) 


^» co" 
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18.3.2. JOHNSON CRITERIA 


The Johnson"? methodology has become known as the equivalent bar 
pattern approach. Observers viewed military targets through image intensifiers 
and were asked to detect, decide the orientation, recognize, and identify the targets. 
Air Force tri-bar charts whose bars had the same contrast as the scaled models 
were also viewed and the maximum resolvable bar pattern frequency was 
determined. The number of bars per critical object dimension was increased until 
the bars could just be individually resolved. In this way, detectability was correlated 
with the sensor's threshold bar pattern resolution. These results became the 
foundation for the discrimination methodology used today. Critical dimension 
refers to the target dimension that must be discerned for detection, recognition, or 
identification. In the early literature, the minimum dimension was called the critical 
dimension. 


18.3.3. DISCRIMINATION 


Johnson used the minimum dimension in his work, whereas the critical 
dimension is equal to the square root of the target area. The critical dimension is 


h, TA] Ararge : (18-6) 


For rectangular targets, A, - (HW)'? where H and W are the target’s height and 
width respectively. The two-dimensional FLIR92 model uses the critical dimension 
approach the same way that the 1975 NVL model uses the minimum dimension. 


Converting to a two-dimensional model requires removing the directional 
bias imposed by the one-dimensional model. This is achieved" by reducing all values 
by 25%, or equivalently, multiplying all discrimination values by 0.75. This adjustment 
then provides the same range performance predictions whether predicted by the one- 
dimensional 1975 NVL or two-dimensional FLIR92 model. Table 18-6 provides the 
commonly used discrimination levels. By convention, each 50% probability is labeled 
as N (e.g. in one-dimension, N, is 1, 4, or 8 cycles for detection, recognition, or 
identification, respectively). A cycle is one bar plus one space. Figure 18-21 illustrates 
the expected imagery for detection, recognition, and identification. 
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Table 18-6 
COMMON DISCRIMINATION LEVELS 


The blob has a reasonable 
probability of being an 
object being sought. 


Detection 
Object discerned with sufficient 
clarity that its specific class can 
be differentiated. 


Classical 
recognition 
Object discerned with sufficient 


Identification | clarity to specify the type within 
the class. 


DETECTION RECOGNITION IDENTIFICATION 
1 CYCLE 4 CYCLES 8 CYCLES 


Figure 18-21. One-dimensional Johnson criteria interpretation. The 
equivalent bar target is shown next to the minimum dimension of 
the tank. We can detect the tank when its size is equal to one cycle 
(Na = 1). If the atmosphere is transparent (T,= 1), then the range 
for recognition is 1/4 of the detection range and the identification 
range is 1/8 of the detection range. 


18.3.4. TARGET TRANSFER PROBABILITY FUNCTION 


The results of threshold experiments such as Johnson's provide an 
approximate measure of the 50% probability of discrimination level. Results of 
several field tests'* provided the cumulative probability of discrimination or target 
transfer probability function (TTPF) (Table 18-7). The TTPF can be used for all 
discrimination tasks by simply multiplying the 5096 probability of performing 
the task by the TTPF multiplier. For example, from Table 18-7, the probability of 
95% recognition (in one dimension) is 2N,, = 2(4) — 8 cycles across the target’s 
minimum dimension. 
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Table 18-7 
DISCRIMINATION CUMULATIVE 
PROBABILITY 


An empirical fit? to the data provides 


E 
1:59 
N so 
P(N) ES E , 
| N (18-7) 
1+ |— 
N so 
where 
E = 2.7 + 0.7 ae 
i ; Nso : (18-8) 


Figure 18-22 illustrates the full TTPF for the three levels of discrimination 
as identified by Johnson. 
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Figure 18-22. Target transfer probability function for detection, 
recognition, and identification. (a) One-dimensional, and (b) 
two-dimensional. Note differences in the scale. 


18.3.5. RANGE PREDICTION METHODOLOGY 
The MRT abscissa is converted into a range scale using a target discrimination 


value. When using the one-dimensional 1975 NVL model, the number of cycles that 
appear across the target is 


fas (18-9) 


A 
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where A is the minimum dimension and A/R is the target-angular-tense at range 
R. Since f, has units of cycles/mrad, A should be in meters and R in kilometers. 


The apparent temperature differential, AT, 
aperture is 


$ 
PARENT at the system s entrance 


Af TT N Lae (18-10) 


Consider, for example, a target whose minimum dimension is 3 m and we 
want to recognize it (N,, — 4). Then the conversion from spatial frequency to range is 


a ; 
R= os. (18-11) 


Thus, the frequency axis is multiplied by 3/4 to obtain kilometers (Figure 18-23). 


With the two-dimensional model, the critical dimension, A, is the square 


root of the target area, A,.,,..,,- The number of equivalent cycles across the target is 


A h 
et p (18-12) 


The target transfer probability function is used to predict the probability of 
range performance. Here, a range is selected and the AT ppareny is calculated. This 
value intersects the MRT curve at what is called the critical frequency. Multiplying 
the target-angular-subtense by the critical frequency provides the number of cycles 
across the target. Referring to the TTPF (Figure 18-22), the probability is determined 
for that particular range. Then a new range is selected and the process is repeated until 


the entire probability function is determined (Figure 18-24). 


288 Common sense approach to thermal imaging 


10 

1 
= 
cc 
= 

0.1 

0.01 

0 2 4 6 8 
SPATIAL FREQUENCY 
(a) 
10 
apparent temperature 

1 
| d 
x 
= 

0.1 

0.01 

0 2 4 6 
RANGE (km) 
(b) 


Figure 18-23. Recognition range for a typical common module 
system (one-dimensional). (a) MRT and (b) conversion of spatial 
frequency into range. N,,—4, h=3 m, and AT=2.5°C. If t(A)=r, 
then AT, cr 8 à Straight line when plotted in semi-logarithmic 
coordinates. When the average atmospheric attenuation is 0.85/ 


km, the recognition range is approximately 3.9 km for this example. 
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Figure 18-24. Methodology to determine range performance 
probability. 
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19 
NONDESTRUCTIVE TESTING 


Nondestructive testing (NDT) may be called active infrared thermography 
since it combines thermal imaging and controlled heat injection. Although called 
“heat injection,” it is actually flooding the surface for a brief amount of time with 
radiation. The heat may be injected as a flash pulse (impulse), wide pulse, or a 
series of periodic pulses. The radiation (heat) may be applied by high intensity 
xenon flash lamps, lasers, incandescent lamps, or heat guns. If the surface 
reflectivity is low (high emissivity), the surface will heat up and then the heat will 
propagate (via conduction) through the material. 


Consider a single pulse of heat injected onto a surface. The surface 
temperature may briefly reach 450K. As the heat travels through the material, the 
surface will cool. If a subsurface barrier is encountered, propagation is altered. A 
portion of the heat wave will reflect back to the surface and reheat the surface. 
The time from heat deposition to reheating is related to the defect depth (Figure 
19-1). The surface temperature is illustrated in Figure 19-2. The defect can also 
be detected by monitoring the rear surface. Thermal signatures from buried defects 
or other sub-surface features appear, peak, and fade at different times depending 
on the thermal properties of the material and defect, and defect size and depth. 


NDT requires a method to rapidly change the surface temperature of an 
object. Heat can be carefully injected by using a controllable light source. However, 
NDT methods also apply if there is a controllable method to reduce surface 
temperature. This could be by flooding the surface with cold water, liquid nitrogen, 
or any other liquid that evaporates quickly. 


NDT is similar to locating buried objects (see Chapter 17, Buried objects). 
The surface temperature is a function of the heat load (solar for buried objects 
and applied for NDT). Appropriate data analysis will separate the buried object 
signal from other signals (flaw versus normal image). 


A sampling of the rather extensive literature indicates the widespread 
application of this technique, including the detection of debonding in adhesive 
joints and honeycomb structures, voids in ceramics, hot spots in printed circuit 
boards, and delaminations or cracking in composites. NDT is still in its infancy. 
Emerging techniques will improve defect detection capability. 
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Figure 19-1. Idealized propagation of a single heat pulse through a 
thin material, (a) An impulse ofenergy is applied to the surface. (b) 
The heat pulse travels through the material and encounters a defect. 
(c) The defect partially reflects and partially transmits the pulse. 
(d) When the reflected pulse reaches the surface, it radiates its 
energy. (e) The transmitted pulse reaches the rear surface and is 
reflected. The rear surface also radiates some of the energy. (f) The 
pulse reflected from the rear surface finally reaches the front surface 
and radiates. Diffusion (neglected here) significantly affects the 
surface temperature distribution. 
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Figure 19-2. Exaggerated surface temperature as a function of time 
to illustrate the phenomenology. The heat is injected as an impulse. 
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Although Vavilov! proposed standardized terminology, no industry-wide 
uniformity exists. Terms such as pulsed infrared imaging (PII), nondestructive 
inspection (NDI), nondestructive evaluation (NDE), thermal nondestructive testing 
(TNDT), thermal wave imaging (TWI), time-resolved radiometry (TRR), thermal/ 
infrared nondestructive testing (T/I NDT), dynamic thermal tomography, pulse 
phase thermography, and modulated thermography are used almost 
interchangeably. These terms are used according to the way the energy is injected, 
experimental procedure, and data analysis technique. 


The number of papers is too numerous to reference. Appendix C, Thermal 
Sensing and Imaging 1980-1999, contains over 140 papers devoted to NDT. These 
papers were presented at SPIE's conference Thermosense. It represents a fraction 
of papers that are published each year. References 2 and 3 provide additional 
theory and applications. 


19.1. APPLICATIONS 


In general, a good structural bond is a good thermal bond. Therefore, 
any deviation from structural integrity tends to modify heat flow. Voids, disbonds, 
delaminations, foreign matter (inclusions), badly cured areas, and surface cracks 
can be detected. Since thermal diffusion can completely obliterate the signal from 
a defect, the NDT method tends to be limited to thin materials. One major advantage 
is that the item under test does not have to be disassembled. 


Much work has been performed on the newer composites. These 
composites are lighter, stronger, and more corrosion resistant compared to existing 
materials. Composites are used in automobiles, aircraft, boats, and many other 
components such as printed circuit boards. These materials include carbon fiber 
reinforced plastics (CFRP), continuous fiber ceramic matrix composites (CFCC), 
and glass-reinforced plastics (GRP). 


Unfortunately, while composites are stronger and lighter than conventional 
materials, they may not have the same impact strength. For example, glass reinforced 
plastics are used extensively on recreational and small commercial boats. GRPs do 
not rust (compared to steel) and will not oxidize (compared to aluminum). However, 
repeated bumps against a dock can cause fractures and cracks. The hull can become 
waterlogged if there is a crack and the internal water can destroy the internal hull 
components. 


With our aging aircraft fleet, it is necessary to check for flaws, fatigue 
cracks, corroded lap joints, bonding, and corroded rivets. Corroded or loose rivets 
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will not make good thermal contact with the aircraft skin. After heat injection, the 
skin and rivets should cool at approximately the same rate. If a rivet is corroded, 
it will stay hotter for a longer period of time. If the skin is within good thermal 
contact with the ribs, then the ribs will conduct heat away from the skin. With 
disbonding, the skin remains hot longer after heat injection. 


Figure 19-3 illustrates some defects that can be detected by NDT methods. 
NDT can measure the size and depth of various defects. It can also monitor wall 
thickness on pipes and conduits. 


DELAMINATION CORRODED VOID 
RIVET 


SUBSTRATE 


SKIN 
STRUCTURE 


LAMINATE 


(a) 


an, 
z 


(c) 


WALL 
CRACK 


- 


(d) (e) 


Figure 19-3. Various defects sensed by NDT. (a) Delamination, 
(b) corroded rivet, (c) void, (d) crack, and (d) wall thinning. 
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19.2. HEAT TRANSFER 


The differences between various thermal NDT techniques is primarily 
by the way in which energy is injected" into the specimen: flash pulse (impulse or 
Dirac pulse), step, square pulse, and source modulation (Figure 19-4). In keeping 
with the thermal wave concept, the impulse function contains all frequencies. A 
train of pulses can be described by the time between pulses (period). By varying 
the period, 7, each frequency (f= 1/7) is separately applied. 


Lu 
tr 
= 
< 
" IMPULSE 
= 
Lu 
| 
Lu 
tr 
2 
c 
ui STEP 
= 
ul 
= 

— 
ul t 
= 
< 
m SQUARE 
a PULSE 
lu 
H 

t” 
w T 
= +——>| 
=s 
« 
" PULSE 
z TRAIN 
W 
= 

t— 


Figure 19-4. Various energy sources. A sinusoidal pulse is difficult 
to generate. It is approximated by a periodic series of pulses (pulse 
train). The period of the pulse train is T. 
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The selection of energy deposition depends upon the material properties, 
type of defect, and anticipated thermal contrast. The thermal contrast is defined 
as? 


i Tprrecr( ) B Tprrecr(t = 0) _ AT perecr 


C (19-1) 


Tsouno(t ) F Tsovvo(t E 0) ATsounp 


where the subscript SOUND is a part of the sound material (no defects). Note that AT 
represents the surface temperature increase above the ambient temperature (which is 
the initial temperature at t= 0). The maximum value of the contrast depends upon the 
heating technique and the defect depth. Since the depth is unknown, it is necessary to 
store a series of images (time sequence) to find the maximum contrast. While the 
minimum detectable value of the contrast is not spec fied, it is clear that the temperature 
difference between the good and defective part must be well above the noise level of 
the thermal imaging system: 


Equivalently, the contrast must provide a good signal-to-noise ratio. Because of 
diffusion, defects must be relatively large. The general rule? is that a defect can be 
detected if its radius-to-depth is greater than one. 


19.2.1. FLASH PULSE (IMPULSE or DIRAC PULSE) 


The flash pulse technique is useful for testing high thermal conductivity 
material (e.g., aluminum and steel) that are less than six millimeters thick. For an 
impulse that irradiates a large area (negligible radial flow), the time-depth depen- 
dence of temperature is’ 


Q ysa (19-3) 


12, z) — FAMBIENT = Janos e , 


where z is the depth, Q is the amount of heat deposited, a is the thermal diffusivity 
and T jg, 1$ the ambient temperature. The object is assumed to be of uniform 
temperature prior to the heat injection: 7(0,0) = T gyr The injected heat raises 
the object's temperature above its equilibrium value. The exponent indicates that 


the heat is rapidly attenuated. The value, œ, depends upon material properties: 
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where k is the thermal conductivity, p is the material density (not to be confused 
with reflectivity), and c is the specific heat. The time of the peak temperature at a 
depth z (Figure 19-5) is 


s: , (19-4) 
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Figure 19-5. The internal temperature as a function of the depth 
and time. After a long period of time, the internal temperature tends 
to reach a constant value that is independent of depth. This means 
that it is difficult to locate very deep defects by the impulse method. 


If the wave reflects offa flaw at depth L, the heat pulse must travel 2L to 
reflect back to surface. The surface temperature is 


(22) 
OR - 
7(0, 7] - Tgnsrenr = EEMAL g t, (19-6) 
AnA 
where R Herma is the thermal reflection coefficient. It is 
—f£M fF 
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where the subscripts M and F referring to the material and flaw, respectively. The 


two thermal effusivities are 


er — Kp DpCR >» (19-9) 


The effusivity is inversely related to the thermal resistance (See Equation 2- 
6). With high thermal conductivity materials (large K), heat travels quickly (low thermal 
resistance and high effusivity). As the effusivity of the flaw increases, the thermal 
reflection decreases and resultant surface temperature decreases. Equivalently, as the 
flaw’s effusivity increases, it becomes more difficult to measure the flaw. If a defect is 
at depth L, the time to reach the defect and reflect back to the surface is 


and 


ÉDEKECT => =e (19-10) 


Analytical and experimental techniques have been developed to determine 
qualitatively? the depth of the defects in metals and composite materials. Deeper 
defects will be observed at a later time (Equation 19-10). Simultaneously the 
surface temperature decreases for deeper defects (Equation 19-6). More energy is 
necessary to detect very deep defects. This limits the flash pulse method to 
relatively thin materials. 


19.2.2. STEP and SQUARE PULSE IRRADIATION 


The controlled square pulse enables an object to achieve a predetermined 
temperature. It is preferable over the flash pulse technique when inspecting thick and 
low thermal conductive materials. It is also useful to determine the integrity of thin 
coatings. The flash and square wave step techniques are different in the heating stage. 
However the cooling stages tend to be similar, if not identical, especially for longer 
observation times (much greater then the step time). 


If heat is applied continuously, the time-depth temperature dependence is*? 


7(2.1)- Lune E 7m Se ey ar » (19-11) 
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The surface temperature, in absence of any reflection is 


Í 
7(0, z) - Lauper = 22, oe (19-12) 


As illustrated in Figure 19-6, the surface temperature of a thin coating de- 
pends upon the coating thickness. For an infinitely thick coating, the temperature will 
increase linearly with £7, For thin coatings, the temperature starts to roll off as the 
heat pulse enters the higher thermal conductivity substrate (metal). Thus, the time 
history of the temperature provides a measure of the coating thickness. Figure 19-7 
illustrates the coating surface temperature when the substrate is air and metal. The air 
substrate would simulate a separation between the coating and substrate. The increase 
in temperature is due to the low thermal conductivity of air. Thus, disbonding can be 
identified. Since the temperature rolls off before one second, the heat pulse only need 
be one second long. For this measurement, a one-second pulse provides the same 
information as a step response. 
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Figure 19-6. Surface temperature as a function of £’? for a zirconia 
coating on a metal substrate for three different coating thicknesses. 
The roll-off time is a measure of coating thickness. (From refer- 
ence 9). 
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Figure 19-7. Surface temperature as a function of f"? for a zirconia 
coating with metal and air substrates subjected to step heating. (From 
reference 9). 


19.2.3. MODULATED IRRADIATION 


Injecting a series of heat pulses can increase the signal-to-noise ratio. The 
result is the launching of “thermal waves" (waves cf temperature) into the object. If a 
modulated heat source is applied to the surface ofa sample, a temperature modulation 
starts to propagate into the material. After a transient time lasting several cycles, a 
stationary condition is reached: Every point in the sample undergoes an oscillating 
temperature whose amplitude decreases rapidly with depth. This technique is useful 
when testing composite materials or very thick metals. 


If the input is sinusoidal, then the temperature'? at a depth z is 


120 = Z,ygiwre ^^ cos(oz- er). , (19-13) 
where 
SE 5 (19-14) 
2a 


This is a traveling wave whose velocity is 


y= 200 . (19-15) 
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The damping term, e?*, provides a thermal diffusion length (where the 
amplitude is 1/e) of 


uso . (19-16) 


These two factors cause the waves to decay very rapidly. For a semi- 
infinite coating of thickness L, the surface temperature (z = 0) is? 


1- 27, 14+ Re? 
rao 704 — ~~ __|eos(az) . (19-17) 
The thermal reflection coefficient, R perar 1S 
e^—e 
R THERMAL = ME (19-18) 


where the subscripts C and SS referring to the coating and substrate, respectively. 


19.3. TEST METHODOLOGY 


Low emissivity materials such as aluminum must be painted to improve 
heat transfer from the source. Paint could be the primer coat or water based that can be 
removed with high-pressure water jets. It must be recognized that highly absorbent 
paint is generally highly emissive at the infrared wavelengths. The paint may alter the 
natural thermal response of the material (see Section 12.3.4, Increasing the emissivity). 


Because heat propagation occurs in a relatively short period of time, it 
may be necessary to have a thermal imaging system capable that can operate at 
several hundred frames per second. This also requires a computer capable of storing 
large amount of data. However, if qualitative results are adequate, then storing 
every other, every 5" or every 10" frame may be satisfactory. 


Before evaluating material for defects, it is prudent to run several experiments 
with a simulant that has well-characterized “flaws” (Figure 19-8). Data analysis will 
determine flaw detectability as a function of size and depth. Based upon these initial 
studies, heat source arrangement, pixels on target, frame rate, and data analysis 
methodologies are selected for optimum detectability. Once the test configuration is 
established, it is necessary to obtain images of good components as a measure of 
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acceptability. Once allowable deviations are determined, then it is possible to determine 
unacceptable components. 


(b) 
THERMOGRAM 


Figure 19-8. Simulated corrosion in 1-mm thickness aluminum. 
The front surface was painted black to increase its emissivity. (a) 
Each 25.4-mm diameter hole is flat-bottomed and is at a different 
depth from the front surface. They represent 10%, 20%, and 30% 
material loss due to corrosion. (b) Thermogram of the front surface 
after irradiation with a single pulse of heat. (From reference 8, by 
permission of Arnold Daniels). 


19.3.1. HEAT INJECTION METHODS 


Figure 19-9 illustrates reflection-mode imaging: The camera and heat 
source(s) are positioned on the same side of the specimen surface. Reflection- 
mode imaging tends to provide more quantitative information. It is the only method 
available for fully assembled components (e.g., where the opposite side is not 
accessible as with an aircraft skin). 
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Figure 19-9. Generic arrangement for reflection-mode imaging. 


Figure 19-10 illustrates transmission-mode imaging: The camera and 
heat source are positioned on opposite sides of the material. The appearance and 
maximum contrast times are less dependent on flaw depth for transmission mode 
imaging, allowing simultaneous observation of defects over a relatively large depth 
range. Additionally, better contrast can be achieved for deep defects in relatively 
thick materials, assuming the thermal wave has sufficient energy to propagate 
through the target and the defect signature is not obscured by lateral diffusion. 
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Figure 19-10. Generic arrangement for transmission-mode imaging. 
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Heat can be supplied by heat guns, lasers, incandescent lamps, or flash 
lamps. Xenon flashlamps (Figure 19-11) can provide a large amount of energy 
(tens of kilojoules) over short times (less than 1 ms) and thereby approximate an 
impulse. Depending upon the electrical circuitry they can provide in excess of 30 
flashes per second. Line sources are appropriate for continuous monitoring of 
large objects. Either the object moves (Figure 19-12) or the setup can move to 
scan large areas. 
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(b) 
Figure 19-11. Area illumination with four xenon lamps and a re- 


flective housing to direct the energy into the material. (a) Front 
view and (b) cross sectional view. 
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Figure 19-12. Line source illumination used for quality control. 
(Also see Figure 12-12). 


Nondestructive testing 305 


19.3.2. DATA ANALYSIS 


Figure 19-13 illustrates some generic time/temperature profiles. These curves 
are typically obtained with reflection-mode heating when excited by an impulse. The 
bottom curve of Figure 19-13 is fora very thick (assumed semi-infinite) slab of material. 
The time/contrast curves are created by a point-by-point subtraction of each individual 
curve from the bottom (no defect) curve. It is easier to discern defects when the data 
is plotted in log-log coordinates. Subtraction yields the curves given in Figure 19-5 (a 
linear scale). 
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Figure 19-13. Surface time/temperature profile for an infinitely 
thick material with a variety of defects. Embedded materials (e.g., 
corrosion) and voids have different thermal properties. When en- 
countered, the slope of the profile changes. 


Thermal imaging systems can only provide a snapshot of the surface 
temperature distribution. In order to obtain a time history, it is necessary to col- 
lect a large number of images (Figure 19-14). Each pixel is followed in time to 
create the curves in Figure 19-13. Although the curves appear continuous, they 
are actually a series of discrete points connected by a continuous line. Each dis- 
crete point represents a single datum from one frame. Since each pixel is fol- 
lowed in time, it is straightforward to develop a two-dimensional time history. 
This allows the creation of a two-dimensional representation of the defects (called 
a tomogram). 
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TEMPERATURE 


Figure 19-14. Methodology to obtain the time/temperature profile. 


As the frame rate increases, the time available to capture an image 
decreases. This reduces the signal-to-noise ratio and defects will be lost in the 
noise. To overcome the reduction in defect detectability, a boxcar integration 
Scheme is used to average many frames. As illustrated in Figure 19-15, the material 
is irradiated with an impulse. At a fixed time after the impulse, an image is collected. 
The material is allowed to reach thermal equilibrium and the process is repeated. 
If N frames are averaged together, then the signal-to-noise ratio increases by the 
square root of N. Different delay times are selected to provide an enhanced version 
of Figure 19-14. Boxcar integration provides a large number of frames and the 
maximum number that can be collected may be limited by the storage capability 
of the computer. 
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Figure 19-15. Boxcar integration methodology. For each delay time 


t, ,y the frames are averaged together to increase the SNR. 


19.3.3. TEMPERATURE/TIME GUIDELINES 


The resultant thermal contrast depends upon the initial surface temperature 
increase. For relatively thin laminates, a small temperature difference is adequate 
whereas thick laminates or sandwich construction panels require a larger temperature 
difference to produce an adequate thermal contrast. Equivalently, as the material 
thickness increases, the heat source must supply more energy. 


The required initial surface temperature depends upon the material’s thermal 
properties, thickness, and the defect's size and depth. This varies with application. 
Table 19-1 provides typical temperature increases for differences necessary to detect 
defects in marine structures composed of glass fiber composites. The time to reach 
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the back surface depends upon the material's thermal properties and thickness. Table 
19-2 provides some estimates for glass fiber composites. 


Table 19-1 
TYPICAL TEMPERATURE DIFFERENCES 
for GLASS FIBER COMPOSITES 
(From reference 11) 


Structure | Minimum temperature 
Thickness difference 
(cm) 


up to 1.0 
1.0 to 2.0 
2.0 to 5.0 
5.0 to 8.0 


Table 19-2 
TRANSIT TIME in GLASS FIBER COMPOSITES 
(From reference 11) 


Structure thickness (cm) J. Minimum transit 
Laminate Up to 1.5 | ] minute 
Laminate 1.5 to 3.0 4 minutes 


Laminate 3.0 to 5.0 l 15 minutes 
Balsa Core 2.5 cm with 0.15 cm skins 10 minutes 
Balsa Core 5 cm with 1 cm skins 40 minutes 
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20 
PROCESS/QUALITY CONTROL 


Thermograms of various applications were presented in previous chapters to 
illustrate various physical concepts such as thermal conductivity, heat capacity, frictional 
losses, and electrical energy dissipation. Tables 10-2 through 10-5 listed a myriad of 
applications and Chapters 13 through 19 (Table 20-1) discussed the more common 
applications. 


Thermal imaging is also used to inspect pressure vessels, heat exchangers, 
chillers, tanks, and piping systems. Inspection of finished products for flaws and quality 
control is expanding into many industries. With the ability to perform image processing 
in real time, many industries now perform 100% inspection of their products. Each 
industry and each company within an industry seem to have a different approach to 
process/quality control. Applications differ from facility to facility depending upon the 
process equipment and the material being manufactured. This chapter briefly discusses 
applications in six industries. Addition information on industrial applications can be 
found in Appendix C, Thermal Sensing and Imaging 1980-1999. 


Table 20-1 
CHAPTER TOPICS 


" Typical 


Chapter 13 Building science, 
Building envelope windows, and Qualitative 
inspection insulation 


Chapter 14 Water ingress and 


Roof inspection insulation 


Qualitative 


Chapter 15 Power lines and 
Power distribution transformers 


Chapter 16 Electrical distribution, 
Electrical/mechanical | fuses, circuit breakers, Quantitative 
inspection motors, and gears 


Chapter 17 Underground storage 
Buried objects tanks and pipe lines 


Chapter 18 Military requirements Qualitative 
Surveillance and search and rescue 


Chapter 19 Detection of voids and 


Nondestructive testing delaminations 


Quantitative 


Qualitative 


Quantitative 
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20.1 AUTOMOTIVE 


Automobiles are complex machines containing gears, pulleys, heat 
exchangers, low voltage and high voltage components, and storage tanks. Thermograms 
ofthese generic components were previous illustrated. Vehicles are made from a variety 
of materials including rubber, plastic, metal, glass, and composites. Welding holds the 
frame together and numerous methods to verify good welds are available.'* Figure 2- 
13 illustrated the cooling efficiency of the fins on an air-cooled engine. Figures 2-18 
and 2-19 illustrated overheating of brake rotors. Figure 20-1 shows the heating pattern 
of a windshield defroster. In all these cases, thermography helped in the design of the 
components and was able to locate potential defects or hazardous conditions. 


Figure 20-1. Automobile windshield defroster. The heating pattern 
can clearly be seen. It is desirable to uniformly heat the windshield. 
(By courtesy of IRcameras.com) 


20.2. PETROCHEMICAL 


Crude oil flows through process heater tubes inside a furnace. If the oil gets 
too hot, it cracks: hydrogen is separated from the carbon. The carbon remains in the 
tube and is called coke. The coke insulates the tube wall from the cooling effect of the 
crude oil and that causes the tube temperature to increase further. Heater tubes fai 
more frequently than any other component at a refinery. 


Infrared radiation from the furnace flame provides significant path radiance 
that obscures the tubes. Fortunately, gas flames have spectral features in the infrared. 
A flame filter centered at 3.9 um allows you to see though the flame and measure the 
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temperature of the tubes (See Figure 4-14). Since oil is flowing through the tubes, 
they will be cooler than the walls of the furnace. If coke is present, the tube tempera- 
ture will increase since the coke prevents the oil from cooling the tubes. 


Oil flames are more difficult to penetrate. They contain solid particles 
(usually carbon) that tend to scatter the infrared radiation from the tubes. Further, 
these heated particles also emit broad band (nearly blackbody) radiation. Although 
a filter can suppress the radiation from the flame, the particles "fog" the infrared 
image and the tubes are difficult to see. 


Refractory generally refers to any material with a very low thermal conduc- 
tivity. Refractory materials are used to line the inside of furnaces to keep the heat 
inside. It lowers heating costs and protects the exterior shell. In a well-designed furnace, 
the exterior temperature will be fairly uniform. A low temperature could mean that 
there is a buildup of scale. High temperatures suggest defects in the refractory (Figures 
20-2 and 20-3). The lining can crack and separate from the exterior shell. In both 
cases, the hot gases will affect the integrity of the exterior shell. 


Figure 20-2. Refractory 
breakdown. (By courtesy 
of the Academy of 
Infrared Thermography). 


Figure 20-3. | 
Refractory 
breakdown. 
Breakdown occurs 
more frequently on 
sharply curved 
surfaces. (By 
courtesy of 
IRcameras.com). 
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20.3. DIE CASTINGS AND MOLDING 


With injection molding and blow molding of plastics,? quality depends 
upon effective heat transfer from the part to the mold. Dimensional precision and 
surface finish are maintained when there is a minimal temperature gradient in the 
part. Large complex parts can vary in thickness by a factor of 10 over a few 
centimeters of distance. Thermal gradients and hot spots on the part and mold 
create residual stresses in the part that lead to warpage. 


Figure 20-4 shows an automobile fan that has thick walls in the center 
and thin blades. Uniform cooling is required to prevent the part from warping and 
becoming unbalanced. Thermographic analysis easily locates thermal gradients. 
With this knowledge, the process can be changed to minimize gradients and thereby 
improve product quality. 


Figure 20-4. Recently molded automobile fan. A temperature pro- 
file (dark line running from 10 o'clock to 4 o'clock) across the part 
shows temperatures as high as 290°F (143°C) at the center and as 
low as 150?F (66?C) on the blades. (From Reference 6). 


20.4. PRINTED CIRCUIT BOARDS 


Printed circuit boards can be extremely complex thermally. Closely mounted, 
power-consuming components can easily create localized hot spots (Figures 20-5 and 
20-6). During research and development, the optimum distribution of components 
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can be determined to avoid these hot spots. Thermography can assess the effective of 
heat sinks and component cooling. 


Figure 20-5. Overheated component on a printed circuit board. 
The edges ofthe board are at room temperature and cannot be seen 
in this thermogram. That is, there is no AT between the board edge 
and the background. (By courtesy of Gary J. Weil, president, EnTech 
Engineering). 


VISIBLE THERMOGRAM 


Figure 20-6. Overheated components on a printed circuit board. 
(By courtesy of Indigo Systems). 


The difficulty with measuring printed circuit boards is that they are usually 
placed in close proximity to other boards. When close together, they cannot be 
viewed by an imaging system. The closeness affects the heat dissipation. As the 
space between the boards decreases, the board temperature increases. Further, the 
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boards are usually placed within a closed box. Components cannot be measured 
ina closed box or if close to other boards. Nevertheless, potential thermal anomalies 
can be discovered by looking at a single separated board. 


For some applications, qualitative measurements are adequate; for example, 
Figure 20-7 illustrates bad solder joints. For quantitative measurements, it is necessary 
to know the emissivity of each component. Then, an image processing software 
program (in an ancillary computer) can provide the emissivity corrections and provide 
accurate temperature measurements. 


Figure 20-7. Overheated solder joints on a printer circuit board 
(By courtesy of IRcameras.com). 


20.5. METALS 


Most metals have a low emissivity when manufactured. The emissivity 
increases when the surface is stained, oxidized, or scratched. The difference in 
emissivity creates a difference in detected radiation. As a qualitative measurement, 
the precise value of the emissivity is not necessary. This is actually an advantage. 
The emissivity of the manufactured material is often not known precisely and can 
vary slowly. The detected radiation from the “normal” material also changes slowly. 
This slow change can be ignored. However, a flaw or defect creates an abrupt 
change in emissivity with a corresponding abrupt change in detected radiation, 
which is a condition that is easily recorded. 


316 Common sense approach to thermal imaging 


On the other hand, for process control it is necessary to monitor the 
temperature. In this case the emissivity must be known. Low emissivity materials 
reflect significant radiation. Since manufacturing facilities have numerous furnaces 
itis desirable to shield these sources in order to make accurate measurements (see 
Figure 12-9). Oxidation and scale further complicate temperature measurements. 


20.5.1. ALUMINUM 


In hot rolling, aluminum ingots, typically 20 to 30 inches thick (0.5 to 0.8 m) 
are reduced through a sequence of rolling operations to approximately 0.1 inch (~2.5 
mm) in thickness.’ Temperatures depend on the particular alloy, but generally start 
out at about 550°C (~1000°F) decreasing to about 175°C (~350°F) at the strip gauge. 
The temperature of the aluminum bar is controlled by the speed of the mill and by 
coolant applied to the rolls and to the bar. 


Aluminum has a low emissivity and it is strongly alloy dependent. Surface 
roughness and surface oxidation also influence emissivity values. Since surface rough- 
ness and oxidation are process specific, different rolling conditions and their corre- 
sponding emissivities must be well characterized in order to measure the temperature 
accurately. 


There are three flaws? of general concern that occur in flat rolled alumi- 
num: surface discolorations, broken surfaces, and voids or inclusions. The sever- 
ity, quantity, and distribution of the flaws will provide critical information re- 
garding process malfunction. Streaks or stains on the aluminum surface increase 
the emissivity. As a result, surface discolorations are easily detectable. 


Scratches, small indentations exemplify broken surfaces, and foreign mate- 
rial rolled into the sheet. Within the scratch or indentation, the slight increase in sur- 
face area permits formation of more aluminum oxide, which has an emissivity of 0.22 
to 0.40 compared with less than 0.1 for bare aluminum. Furthermore, the walls of the 
scratch form a tiny cavity. Emitted radiation experiences multiple reflections between 
the cavity walls before exiting the sheet. In this manner, the broken surface simulates 
a microscopic blackbody. 


Aluminum is widely used as beverage container? The aluminum is coated 
with a clear organic coating to prevent chemical attack by the contents of the con- 
tainer. The coating varies in thickness from 0.0001 to 0.0007 inches (2.5 to 18 um) 
depending on what product will eventually go into the container. The emissivity from 
the coated aluminum sheet ranges from 0.25 for the thin coating to 0.75 for the thicker 
coating. The coating takes place on a continuous process line that may be moving up 
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to 10 ft/s (3 m/s). Bare aluminum has an emissivity of less than 0.1. If there is a hole 
in the coating, there is an abrupt change in emissivity and an abrupt change in de- 
tected radiation. Real time image processing can easily detect flaws (missing coat- 
ing). 


20.5.2. STEEL 


Temperatures are monitored" during melting, pouring, and rolling of steel. 
After the liquid steel is cast into solid form, it goes through"! casting, reheating, hot 
rolling, cold rolling, annealing, temper rolling, and coating. These processes are charac- 
terized by a wide span of processing temperatures from about 1300°C (~2300°F) in 
reheating, down to about 70°C (~160°F) in temper rolling. 


It is difficult to accurately measure the temperature of hot slabs exiting a 
reheat furnace. Both loose oxide and scale can partially obscure the hot steel. 
Most mills rely on a downstream measurement and then use a computer model to 
estimate the exit temperature. 


20.6. PAPER INDUSTRY 


Paper" is made from a slurry of wood pulp and other materials. This 
slurry is compressed and dried. A critical aspect for the final paper quality and 
strength lie in the uniformity of the drying process. It easy to see wet spots on 
paper since evaporative cooling creates a temperature differential. 


Kodak? is a major manufacturer of photographic paper and film. Each 
product may have a different coating and there are hundreds of types of coatings. 
By using thermography, the coating application can be monitored to evaluate its 
“lay down" uniformity. 


If a problem is encountered, each process factor is evaluated. The factor 
control setting is increased or decreased while simultaneously monitoring the 
product with infrared thermography. This procedure quickly identifies the exact 
band of heaters that are outside the control limits. Real time thermography analy- 
sis enables the process to be brought within the control limits. 
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21 
INSPECTION PROCEDURES 


Infrared monitoring is not an exact science. The calculated surface 
temperature depends upon the object's temperature, emissivity, and surrounding 
temperature. A well-trained thermographer can estimate the emissivity and 
surrounding temperature and thereby obtain a reasonable value for the object's true 
surface temperature. Given the material's conductivity, convection, and heat capacity, 
a well-trained thermographer can estimate the location of the subsurface defect and 
the severity of the defect. 


The customer, who often has little or no thermography training, will not 
understand all the principles involved. You must explain the differences between 
qualitative and quantitative measurements and which one will be used and why. 
Your approach will be convincing if you show representative thermograms of similar 
problems you have encountered in the past. It is extremely useful to also provide 
photos. These could be taken with a 35-mm, Polaroid®, or (preferably) a digital 
camera. A digital camera provides a real time image, stores a large number of images, 
and the electronic format allows easy transfer into the final report. Further you must 
explain what may be found on this inspection — both positive and negative results. 


The customer is requesting only one product and that is your interpretation 
of the thermal anomaly. Unless licensed in other areas, you should not state 
categorically what the precise problem is. You can only state that a thermal anomaly 
has been found and, from previous experience, what you believe the problem to be. 
When available, the thermal anomaly should be compared to published standards 
and guidelines. Note that the customer usually wants a yes/no answer in terms of 
deleterious defects. You must resist the temptation to provide that simple answer. 
Generally speaking, auxiliary tests are require to confirm your thermal observation. 
For example, a roof cannot be determined to be defective until a roof core is 
taken. Buried objects cannot be identified until unearthed. 


Determine whether the requested inspection is possible or even necessary. If 
this type of inspection is new to you, survey the literature to see if a similar problem 
been solved before. For example, review the papers listed in Appendix C, Thermal 
Sensing and Imaging 1980-1999. 


The preliminary work before an inspection is as important as the 
inspection itself. No inspection is complete without a final report. Be sure to tell 
the customer that you will offer preliminary findings at an exit interview (at the 
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conclusion of the inspection). Emphasize that the findings are preliminary. 
However, you must point out those areas that need immediate attention for safety 
reasons. Also state when the final report will be available (preferably less than 5 
days). The final report will contain full data analysis. 


While this chapter appears to apply only to inspections (roof, power dis- 
tribution, electrical, or mechanical), it is appropriate for all testing. Test plans are 
vital for laboratory tests as well as field tests. Every test, no matter how small (or 
apparently trivial) should have a test plan. Without a plan, important data is often 
overlooked and not collected. It is often impossible to repeat the test at a later 
date. Special equipment may no longer be available, required personnel may have 
been assigned to other jobs, or the appropriate test conditions may not be present. 
It is extremely embarrassing to tell your customer that you missed some data. 


21.1. PRELIMINARY WORK 


The preliminary activities are who, what, where, why, and how. By 
answering all these questions, it is relatively simple to write a test plan and to conduct 
the inspection. 


21.1.1. WHO 


There are four “whos.” As the thermographer, you are primary “who.” 
You must establish credibility with the customer. You need evidence of valid cer- 
tification (e.g., ASNT Level I, II, or III certification). You may need professional/ 
business licenses with appropriate registrations that are required by local codes. 
Provide a list of previous (satisfied) customers (with their permission) as refer- 
ences. Provide a copy of a sample report (with permission to use). 


The second “who” is an expert supplied by the customer. This individual 
must be knowledgeable in identifying materials, components, structures, previous 
repairs, previously noted problems, as well as ensuring that the firm's safety 
regulations are observed. Only a licensed electrician should remove electrical 
panels and measure current. 


The third “who” are all the people that may be involved in the inspec- 
tion. Factory workers may have to modify their work procedure while you are 
there. Foremen need notification of the inspection. Interior inspection of an office 
building may require permission of the tenants. Some installations require ap- 
proval by security. 
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The final *who" is the person who receives the results. Who must be 
satisfied that the inspection is well executed and complete? This is the person you 
must really satisfy. 


21.1.2. WHAT 


The customer must state the goal of the inspection. Before undertaking an 
inspection, the following questions must be answered: What must be detected 
(e.g., delamination, disbond, cracks, porosity, casting voids, or water infiltration)? 
What is the depth of the flaw? What is the minimum flaw size to be detected? 
Will the entire structure be inspected or only limited to critical areas? What is the 
type of materials and construction of the object to be inspected? 


If the object is reflective, can it be painted to increase the emissivity? 
The surface quality dramatically affects the infrared radiation that is measured. 
Each inspection has its own unique problems. For example, for buried object 
detection, shrubs should be removed, grass mowed, and debris removed. 


Here, you decide if the inspection can be fruitful based upon your knowl- 
edge and capability. Be sure the customer knows the limitations of the inspection 
such as areas that are uninspectable or inaccessible. Safety shrouds and enclo- 
sures prevent direct viewing of electrical components, and moving components, 
or rotating machinery. Recall that the smallest target that you can measured is 
limited by the MIFOV and the smallest temperature differential by the NEDT. 
The atmospheric transmittance often limits the maximum range at which a target 
can be detected. 


21.1.3. WHEN 


Based upon your experience, you decide how long the inspection will 
take. The customer, to some degree determines when it should start. He will pick 
times that do not impact his schedule. But it is desirable to perform electrical and 
mechanical inspections when the system is under full load. For example, if evalu- 
ating a school's electrical distribution, the inspection should not be during the 
summer or semester breaks. 


Weather is the dominant factor in scheduling outdoor inspections. The 
list of environmental limitations is extensive. For example, you need high signifi- 
cant solar loading, no rain, no dew or frost, and minimal wind. Surveys can nor- 
mally begin 1 hour after sunset and can be conducted until sunrise. But environ- 
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mental conditions can vary dramatically. It may be necessary to cancel an inspec- 
tion or to stop an inspection if significant fog occurs or cloud cover occurs. The 
inspection must stop if it rains. Weather reports provide a 5-day forecast. Call the 
customer 5 days, 3 days and 1 day before the inspection to discuss weather condi- 
tions. 


21.1.4. WHERE 


This seems self-explanatory. “Where” generally means the physical ad- 
dress and the specific place (e.g., building number and room number). A site 
survey will reveal access limitations for personnel and equipment. Lines-of-sight 
may be limited by walls and mechanical fixtures. 


More important is the environmental condition at the location. “Where” 
is also used to determine if any condition exists that may adversely affect results. 
For example high temperatures around boilers may affect camera operation. Dust, 
dirt, and other particulates act as insulators and may have emissivities that affect the 
accuracy of your temperature measurements. 


21.1.5. WHY 


“Why” is self-explanatory: To find detects in components, to improve 
process quality control, determine the operating condition of components, and to 
predict when marginally defective components should be replaced. Nothing 
convinces a customer more than representative thermograms of similar objects with 
known defects coupled with an estimate of cost savings.” 


21.1.6. HOW 


The "how" is really the test plan. It includes both the necessary equip- 
ment as well as any special requirements to perform the inspection experiment. 
For outdoor inspections, you may need an airplane, special all- terrain vehicle, or 
power cart. For indoor inspections you may need a power cart to move from 
location to location if the facility is very large. Is a man-lift needed to raise equip- 
ment or personnel to the inspection area? The need for special equipment must be 
identified during the preliminary site inspection. 
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21.2. SAFETY 


Safety cannot be overstated. The thermographer may be subjected to a 
variety of conditions that require safety procedures. Slippery floors, uneven footing, 
and low hanging pipes are obvious problems. 


Energized electrical circuitry, rotating shafts, and moving mechanical 
assemblies can be extremely dangerous. These devices usually have mechanical 
guards (shrouds) or are enclosed in a box. In most situations, the guard must be 
removed or the housing opened to view the suspect components. This exposes the 
thermographer to an extremely dangerous situation. 


Ideally, the power is removed before any panel or safety guard is removed. 
This occurs automatically for those panels that have safety lockouts. The power 
must then be restored prior to making any measurements. The power must be 
removed again to reassemble the safety panels or guards. Only a trained expert 
knowledgeable in the safe operation of those devices should remove panels and 
safety guards. The thermographer must abide by all safety regulations and 
procedures. 


It is dangerous to go on a roof at nighttime, especially if alone. Not all 
roofs have safety rails. If flight tests are desired for aerial viewing, then two flights 
are usually required. The daytime flight is used to obtain photos and familiarize 
the personnel with the overall landscape and location of buildings. The infrared 
survey is conducted after dark. Nighttime flying can be dangerous when tall 
buildings, power lines, radio towers, and smokestacks are present. These structures 
may limit the closest distance to the structure being evaluated. In large commercial 
parks, it may be hard to locate the correct roof at nighttime. Strobe lights can be 
placed on the roof corners. The pilot and thermographer can see these but an 
infrared camera generally does not detect them if the duty cycle is low. If several 
images are needed to create a mosaic of the roof, the camera (and plane) must be 
correctly aligned with the roof. 


21.3. STANDARDS AND GUIDELINES 


Standards and guidelines list the maximum allowable temperatures. 
Rectification of thermal anomaly is not included in these guidelines. Only the 
customer can decide when to repair the component. Unfortunately, to date only a 
few standards exist. As a result, when you find a thermal anomaly, you make an 
educated guess of the probable cause. 
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21.4. TEST PROCEDURE 


Ask your customer if the test procedure must be written and approved 
before testing can begin. Even if not required, a written test plan becomes a check- 
list. Any qualified thermographer can follow a well-written test plan. The key 
here is “well-written.” 


21.4.1. TEST PLAN 


The following elements should be included in a comprehensive test plan. 
Since many of the headings are self-evident, they are often omitted. Generally, a 
generic test procedure is written and many sections may be used as “boiler plate.” 
That is the same sections become generic to all tests. This is generally true for the 
equipment, safety, method of collecting data, and data analysis technique sections. 
The remaining sections are modified according to the specific task. 


Modifications to the test plan may be necessary during the course of an 
inspection. As data is collected, it may lead you to measure additional nearby 
components or to examine some areas in more detail. 


OBJECTIVE 
This is the “why” and “what.” 


TEST LOCATION 
This is the “where.” 


NAMES OF RESPONSIBLE INDIVIDUALS 
This is the “who.” You will need the name, phone number, and instructions 
where to meet your contact and customer s expert. Be sure to have a list of 
emergency phone numbers. 


EQUIPMENT NEEDED 
There are two sets of equipment: Those supplied by the customer and 
that which you bring along. It is very important to clearly state the 
customer's responsibility. The thermal imaging system and its associated 
equipment are obvious. Below is a list of equipment often forgotten. 


MISCELLANEOUS 
Spare batteries 
AC adapters 
Clipboard, worksheets, note pad and pencil 
Ink, paint, or tape to increase emissivity, 
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Tool kit 

Polaroid &, 35-mm, or (preferably) digital camera 
Flashlight 

Paint or marking pen (to indicate thermal anomalies) 
Battery powered strobe lights for locating a roof 
Portable phone (cell phone) 


SAFETY (as required) 
Hard hat 
Safety glasses 
Safety shoes 
Ear plugs 
Face mask 
Respirator 


ENVIRONMENTAL 
Coveralls 
Warm clothing if outdoors 
Protective tarp for equipment in case of unexpected weather 
Protective enclosures for the equipment if operating in a harsh en- 
vironment 


CUSTOMER SATISFACTION 
Clipboard, worksheets, note pad, and pencil for customer 
Copy of test plan 


PRELIMINARY SITE SURVEY 

The preliminary site survey will identify any problems such as limited 
line-of-sight or inaccessible areas. It will identify those areas where added 
safety is an issue such as open energized electrical cabinets and roofs 
without guardrails. Note all stairs, steps, warning signs, items suspended 
from the ceiling, small items on the floor, and low ceilings. Note water, 
dirt, or chemicals on the floor that may be slippery or contribute to uneven 
footing. Excessive dust, particulates, aromas, or gases may affect you. 
Even if not required by the customer’s safety regulations, you may want 
to use a facemask. Verify if there are any radiation hazards (e.g., surveying 
a nuclear power plant) or hazardous chemicals (e.g., manufacturing 
facility). 


If a large area is to be inspected, an efficient route is identified at this 
time. Usually, the preliminary site survey is performed before the test 
plan is written. The results of the survey are included in the plan. 
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DATES and REQUIRED CONDITIONS 
This is the “when.” Required conditions for outdoor measurements focus 
on the weather. For electrical and mechanical measurements, select times 
when the system is operating at or near full load. 


SAFETY 
As a result of safety considerations, you may need additional equipment 
such as that listed above. Although you have performed a preliminary 
site survey to identify potential safety problems, never forget that you 
lose your depth perception when looking at a camera monitor. With a narrow 
FOV lens, it is like looking through a soda straw. Have someone else guiding 
you when walking and using the camera. 


SECURITY 
Security includes the method to enter the facility (badges may be needed) 
and equipment check-in. Verify the security of equipment when not in 
use to avoid theft. 


DETAILED PROCEDURE 
This section would precisely list the components to be inspected. It includes 
the lens required to achieve the field-of-view and MIFOV for the test. The 
length of this section depends upon who is performing the inspection. If 
someone other than you performed the preliminary survey, it tends to be 
longer. 


DATA COLLECTION 

Gathering of accurate data is critical to the success of an inspection pro- 
gram. For the thermal imagery, the primary concern is image storage. If 
a thermal anomaly is discovered, how will it documented and marked? 
Methods include grease pencils, tape, and paint. It is often useful to have 
imagery taken with a standard Polaroid?, 35-mm or (preferably) digital 
camera (e.g., Figures 8-1, 13-5, 16-6, and 20-6). The repairman will prob- 
ably not be knowledgeable in thermal imagery and may have difficulty 
in locating components based solely upon a thermogram. 


DATA ANALYSIS TECHNIQUES 
Develop standard, systematic methods of collecting, recording and 
accumulating data. An efficient system allows basic record keeping to 
be done by an experienced secretary rather than by the thermographer. 
Once the data is recorded, either on a form or in a computer, it becomes 
the basis for the final report. The test plan should outline the data analysis 
technique. 
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While the analysis must be based upon sound scientific principles, note 
that the customer is probably not trained in thermography or physics. 
The data must be presented in a form that the customer can understand. 
Use the terminology of his industry for a “real world” answer. 


Decide what mode of data storage will be used. In the simplest of sys- 
tems, a good paper form with some means of feedback and, possibly, a 
means of cataloguing it historically can be elegantly efficient. A simple 
sketch of the problem or a photo (Polaroid®, 35-mm, digital) conveys 
the visual information powerfully. A videotaped record of all inspected 
equipment may also be desirable. Tape indices are essential for retriev- 
ing information. Most companies seem to favor a system that keeps vid- 
eotapes on file, but relies on videoprint for working records. 


VERIFICATION 

Thermal imaging can only measure the surface temperature. If the 
temperature is above or below preset guidelines, then a thermal anomaly 
has been discovered. A thermogram cannot precisely determine the cause 
of the problem. A thermographer can make an educated guess based upon 
his knowledge of similar problems and the physics of heat transfer. If a 
thermal anomaly is found, auxiliary equipment is necessary to verify the 
problem. For example to verify that a roof is defective, it is necessary to 
take core samples or use moisture meter probes. 


Beware of the possibility of false or missed defect findings caused by 
reflections and emissivity variations. Interpretation is more difficult if 
the surface is curved. Environmental factors such as wind speed and the 
presence of moisture confound outdoor measurements. 


21.4.2. GOOD ENGINEERING PRACTICES 


Good engineering practices are simply common sense. If a thermal 
anomaly is discovered, question the customer’s expert about possible causes. 
Questions to ask include: Has the component been repaired or replaced? If repaired, 
do we know what materials were used? Are there known heat sources in the general 
area? Is the equipment overloaded? Is the component damaged? Have any problems 
previously been noticed? 


Verify that you are at the right place at the right time. Specifically, you want to 
perform the inspection when the equipment cycles or during full load. Arrive 15 minutes 
early to set up. Do not overestimate your physical capabilities with the equipment - 
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particularly if the inspection will take all day. If working at night, remember that it is 
interrupting your normal sleep habits. Take breaks at regular intervals. 


Do not get too close to equipment. Never make contact with electrical 
equipment, even if you are told that it is de-energized. Never have loose fitting clothing 
near rotating equipment. Be particularly careful with camera cords, wires, and straps. 


Ifusing a vehicle, use seat belts, do not lean outside vehicle while it is moving, 
and as necessary, have all equipment attached with safety lines (in case you lose your 


grip). 


21.5. EXIT CONFERENCE 


An exit conference takes place at the conclusion of many inspections. Here, 
preliminary data interpretation is presented. Fully ascertain the thermal anomaly 
before telling your customer. As appropriate, solicit opinions from the customer's 
expert. Use auxiliary equipment as necessary. 


An exit conference with the customer is valuable for several reasons: 
You minimize surprises by communicating important findings at this time rather 
than having them arrive in a written report several days after an inspection. Seri- 
ous problems, which may need immediate corrective action, can be discussed. 
For non-serious problems, only provide a provisional evaluation. Full data analy- 
sis is required for a full evaluation. 


21.6. FINAL REPORT 


If the test plan is well written, then the final report is straightforward. It 
follows the test plan with the addition of analyzed data with recommendations. 
The information given in the final report must support the data interpretation. The 
“boilerplate” used for the test plan can simply be copied into the final report. To 
maximize customer satisfaction, provide the report within 5 days of the inspection. 
The headings for a comprehensive final report follows. Depending upon the customer 
and task, some elements may be omitted. 


EXECUTIVE SUMMARY 
Brief description what installations have been examined and which in- 
stallations were not possible to examine and why. Briefly list the num- 
ber and severity of thermal anomalies encountered. 
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TEST LOCATION, DATE, and TIME 
This section contains the description of the installations inspected. For 
outdoor measurements, it would also contain weather data. As appropriate, 
it may contain building, roof, or equipment information and construction 
details. 


NAMES OF RESPONSIBLE INDIVIDUALS 
Same list as that used in the test plan 


EQUIPMENT USED 
Description of the thermal imaging system used along with lens 
information (f-number and field-of-view) and system resolution. If the 
customer supplied any equipment, it would be listed in this section. 


TEST PROCEDURE 
The information provided here assists in data analysis and interpretation. 


DATA ANALYSIS TECHNIQUES 
A brief explanation about the physics of thermography with emphasis 
on the theory that applies to this particular inspection. This assists the 
customer in interpreting the thermograms. 


DATA 
This section contains all the data and representative thermograms. Pro- 
vide the emissivity used and whether tabulated values or measured val- 
ues were used. Discuss the data collection limitations such as how an 
error in emissivity affects the calculated temperature. 


RESULTS 
When available, use guidelines to list the severity ofthe thermal anomaly. 
List auxiliary equipment used to verify the cause of the thermal anomaly. 


CONCLUSIONS 
A summary containing identification and fault class for all faults found. 


RECOMMENDATIONS 
A thermographer should not make definitive recommendations unless he 
has the appropriate certifications. The thermographer only notes thermal 
anomalies and offers possible causes. He does not make recommendations 
of what is to be replaced or repaired. 
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APPENDIX A 


TEMPERATURE CONVERSION 


The conversion from Celsius to Fahrenheit (or reverse) is straightforward: 


5 
TcrLgmUS = 5 (ZrangENHEIT — 32) » 
and 


9 
Tg AHRENHEIT = 5 Tegrsiug + 32. 


The other conversions are 


Tyer = "cerstus * 273.15. , 
and 


TeavkINE = TrAunEvuErr * 459.7 . 


Although simple, it is difficult to make the conversion quickly and without a 
calculator. Table A-1 tabulates the conversion for easy reference. Select the current 
temperature in the center column. If the current temperature is in *C, then the left 
column converts °C to °F. If the current temperature is in °F, then the right column 
converts °F to °C. 


Table A-1 
TEMPERATURE CONVERSION 
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Table A-1 (Continued) 


From To 


98.6 
100.4 
1022 | 39 
104.0 | 40 
105.8 
107.6 
109.4 
1112 
113.0 
114.8 
116.6 
118.4 
120.2 
1220 | 50 | 10.0 
123.8 51 10.6 
ni 
1274 | 53 | 117 
129.2 | 54 12.2 
238 
132.8 13.3 
134.6 13.9 

14.4 
15.0 
15.6 
16.1 
16.7 
17.2 
17.8 
18.3 
18.9 
194 
20.0 
20.6 
211 
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Table A-1 (Continued) 


To From 
T 
221.0 105 
222.8 106 


81.1 
81.7 
| 7822 
82.8 
83.3 
83.9 
184 | 844 
185 | 850 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
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Table A-1 (Continued) 


To From To 
°F T °C 


To From To 
°F T "C 
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Table A-1 (Continued) 


1904 
1922 
1940 
1958 


4400 | 2427 
4450 | 2454 
4500 | 2482 
4550 | 2510 


APPENDIX B 
EMISSIVITY 


Emissivity depends upon the material, its surface condition, and temperature. 
Surfaces may be polished, oxidized, or coated. The thickness ofthe oxidation or coating 
affects the emissivity. Emissivity also varies with age of the paint, dust, dirt, and 
condensation. The variation with temperature must be known to accurately measure 
the temperature during manufacturing. 


Unfortunately, the emissivity is a function of viewing angle. In general, as 
the viewing angle increases from normality, the emissivity decreases (see Figure 4- 
4). For opaque objects (T= 0), as the emissivity decreases, the reflectivity increases: 


€-p-1 


The values in Table B-1 should be considered as representative. It provides 
the emissivity for normal incidence. When the wavelength is not specified, then 
the emissivity values can be used for both the mid-wave and long-wave infrared 
regions. If the temperature is not given, assume that the values are for ambient 
conditions (77°F or 25°C). Since the values depend upon surface condition and 
material composition, values published elsewhere may differ from those given in 
Table B-1. To obtain accurate emissivities it is recommended that the 
thermographer perform emissivity tests on the specific material being evaluated. 


Table B-1 
REPRESENTATIVE EMISSIVITIES 
(Courtesy of the Academy of Infrared Thermography) 


NS 


Alloys 
20-Ni, 24-Cr, 55-Fe, oxidized 
20-Ni, 24-Cr, 55-Fe, oxidized 


60-Ni, 12-Cr, 28-Fe, oxidized 
60-Ni, 12-Cr, 28-Fe, oxidized 
80-Ni, 20-Cr, oxidized 
80-Ni, 20-Cr, oxidized 
80-Ni, 20-Cr, oxidized 
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Table B-1 (continued) 


Wavelength 


Material (um) 


Emissivity 


Aluminum 

Disk, roughened 
Disk, roughened 
Foil 

Foil 

Heavily weathered 
Polished 

Polished 
Commercial sheet 
Lightly oxidized 
Heavily oxidized 
Unoxidized 
Unoxidized 
Asbestos 

Board 

Slate 

Brass 

Matte 

Polished 

Oxidized 

Brick 

Common | 0.81-0.86 
Firebrick | -5. 0.68 
Fireclay 0.75 
Masonry 0.94 
Red Rough u o] 0.93 
Carbon 
Candle soot 0.95 
Graphite, filed surface 0.98 
Cast Iron 
Polished 0.21 
Finished | 0.44 
Light oxidation 0.64 
Heavy oxidation 0.95 
Cement Res 0.54 
Chromium 
Polished 40-1090 V» 0.08-0.26 
Clay, fired 0.91 
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Table B-1 (continued) 


: F Wavelength Wn 


Concrete 
Concrete 
Concrete: dry 
Concrete: rough 
Mortar 
Mortar: dry 
Copper 
Lght oxidation 
Heavy oxidation 
Cuprous oxide 800-1100 
Cuprous oxide 38 
Molten copper 1080-1280 
Polished 20 
Polished 20 
Fiber board, porous, untreated 20 
Fiberglass 20 
Glass 
Standard 
Polished plate 20 
Gold, polished 
Granite 
Natural Surface 
Smooth 
Gypsum 
Ice 
Iron 
Tempered iron, polished 40-250 
Steel casting, polished 770-1040 
Ground seal steel 945-1100 
Hot rolled 
Oxidized 
Rusted surface 20 
Foundry iron (oxidized at 600°C) 198-600 
Iron oxide 500-1200 
Ingot 925-1120 
Sheet iron 25 
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Table B-1 (continued) 


. Temp. Wavelength "ER 


Lead 
Pure (unoxidized) 125-225 0.06-0.08 
Lightly oxidized 25-300 0.43 
Heavy oxidation 0.63 
Limestone 38 | 0.95 
Magnesium 
Oxidized 275-825 0.20-0.55 
Oxidized 900-1670 
Marble 

White 

Smooth, white 

Polished, gray 


Mica 


Molybdenum 

Oxidized at 1000°F 

Nickel 

Polished 

Not polished 

Plate (oxidized) 

Nickel oxide 0.59-0.86 

Oil | 

Lubricating, thin film on nickel 
Nickel base alone 0.05 
Film thickness = 0.001" 0.27 
Film thickness = 0.002" 0.46 
Film thickness = 0.005" 0.72 
Thick coating 0.82 
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Table B-1 (continued) 


: Temp. Wavelength m 

PAINTS: 

Aluminum 38 0.27-0.67 
Acrylic, blue (Cu203) 24 0.94 
Acrylic, black (CuO) 24 0.96 
Acrylic, green (Cu203) 24 0.92 
Acrylic, yellow (PbO) 24 0.90 
Acrylic, yellow (PbO) 24 3 0.93 
Acrylic, white (A1203) 24 0.94 
Acrylic, white (Y203) 24 0.90 
Krylon, flat black 50 10 0.95 
Krylon, flat black 50 3 0.96 
Krylon, flat white #1502 40 8-14 0.99 
Lacquer, dull, black 8-14 0.97 
Lacquer, white 0.87 
Lacquer, white 100 0.92 
Lacquer, white 200 0.95 
Lacquer, matte black 100 0.97 
Lacquer, shiny black, on metal . 0.87 
Oil, average of 16 colors 2-5.6 0.94 
Oil, flat black 100 | 2-5.6 0.94 
Oil, gloss black 20 2-5.6 0.94 
Oil, flat gray 20 2-5.6 0.92 
Oil, gloss gray 20 8-14 0.97 
Shellac, dull black 100 0.84 
Shellac, shiny black on tin 20 2-5.6 0.91 
Varnish, flat 20 0.82 
Radiator Paint 

White 100 0.79 
Cream 100 0.77 
Plaster, rough coat 20 l 0.91 
Plasterboard, untreated 

Plastic 

Black 

White 

Plexiglas 


Polypropylene 
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Table B-1 (continued) 


Wavelength 


(um) Emissivity 


Material 


Porcelain, glazed 
PVC 0.91-0.93 
Rubber 0.95 
Black stopper 0.97 
Sand 7 0.76-0.90 


Silk Cloth 0.78 


Silver 
Plate (0.5 mil thickness on Ni) 0.06-0.07 
Polished l 0.01 


Skin, human 0.98 


Saturated with water 
Stainless Steel 

18-8 

18-8 buffed 

18-8 oxidized at 800°C 
18-8 sandblasted 

304 (8 Cr, 18 Ni) 

310 (25 Cr, 20 Ni 215-520 
Steel 
Cold Rolled 93 
Galvanized 
Polished Sheet 38 
Rough Surface 
Oxidized 25 
Unoxidized 
Styrofoam, insulation 37 
Tape 
Electrical, black insulating 35 
Masking 36 
Textile (all colors) 
Tile 

Floor, asbestos 

Glazed 
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Table B-1 (continued) 


Material 
Tin 
Tin-plated sheet iron 
Heavily oxidized 


Wavelength 
(um) 


Emissivity 


Water 

Distilled 

Ice, smooth 

Frost crystals 

Snow 

Snow 
Wood 
Chipboard, untreated 
Oak, planed 
Paneling, light finish 
Planed 
Plywood 
Plywood, smooth finish 
Plywood, untreated 
Spruce, polished 


Zinc, bright galvanized 


APPENDIX C 


Thermal Sensing and Imaging 1980-1999 


Selected SPIE papers on CD-ROM, Volume 7. 
John Snell and Douglas Burleigh, Editors (1999) 


This appendix provides the Table of Contents and Introduction to Thermal Sens- 
ing and Imaging, 1980-1999. This CD-ROM is available from SPIE, PO Box 10, 
Bellingham, WA 9898227-0010, telephone 360-676-3290. 


Although several thousand papers appeared in the SPTE Proceedings, Thermosense, 
this CD-ROM contains only 384 papers that represent the best in nondestructive 
testing and predictive maintenance. The Introduction is included so that you may 
understand the editorial philosophy of why the specific papers were selected. The 
Table of Contents lists the papers by SPIE Proceedings volume number and manu- 
script number. This CD-ROM is fully searchable by title, author, keyword, and 
phrase. No conference was held in 1986. 


INTRODUCTION 


On this CD-ROM, you will find a collection of high-quality papers we have se- 
lected from past Proceedings of Thermosense. The Proceedings of SPIE repre- 
sent an immense body of knowledge gathered over the past 21 years by some of 
the best thermographers in the world. On my bookshelf, the row of yellow bound 
Proceedings is nearly two feet long. The pages are familiar and well worn from 
frequent use. Until this electronic collection there has been no other single source 
of information anywhere for thermographers that is even half as valuable. Now 
we can not only read the papers (without broken bindings!) but search them, and 
view them digitally. 


Support and sponsorship of the early conferences was broad, including DOE and 
the American Society for Photogrammetry and Remote Sensing. We were unable 
to get permission to include papers from the first two conferences, but selections 
have been made from all others (1980-1999). Although we have taken our jobs as 
editors very seriously, early on it became clear that neither of us was qualified to 
edit all of the papers. We therefore decided to do the job jointly. You should also 
know that, in the interests of space and value, we have chosen to include only 
select papers that are in the two subjects of NDT and predictive maintenance. We 
trust that time will not prove this to have been a mistake. The titles of the papers 
that were not selected are also listed and are available directly from SPIE. 
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It has been a privilege to review the Proceedings for this edition. Our professional 
"attic" held a wide variety of works. Time proved some to be visionary, while 
others simply recorded the hard work accomplished over the years. A few are 
simply gems! There were numerous papers we reread with the same fascination 
that gripped us the first time, as well as some that were of historic value only. 


While the papers are separated into the two categories of NDT and PM, the reader 
is encouraged to browse through both sections, as the line between these two 
categories is not always a sharp line, but occasionally a fuzzy one. It was not 
always easy to decide where to put a paper. 


For example, there are several papers on the detection of water in aerospace struc- 
tures. And there are others on the detection of the loss of metal from corrosion in 
metallic aircraft skins. These papers would be found in the NDT section. 


But there are also papers on the detection of water in building walls and frescos 
(art works). And there are papers on the detection of the thinning of the walls of 
steel pipes. These papers are found in the PM section. These papers use NDT 
principles, but the application is PM. 


Much can still be learned from reading these papers. They will continue to guide 
us to new and better uses for the technology. While our interest originally was to 
select only papers relating to buildings, maintenance, and NDT, others have 
tempted us (such as brown bats and buried treasure.) and we think the collection 
is the better for the seasoning. 


Editing this CD was also a history lesson. This conference, and much of commer- 
cial infrared as well, had its beginnings in the "energy crisis" of the late 1970s. 
Although we were not present at the earliest conferences, the lists of early authors 
clearly indicate the incredible knowledge that was being filtered here. Building 
diagnostics was the hot topic (along with inspection of solar heating systems), 
and this technology proved to be an invaluable tool for those who were coping 
with rising fuel costs. From the outset the conference has focused on applied 
thermography—a fact that helps assure that this collection of papers still has value 
today. 


We were unable to read these Proceedings without thinking ahead to the future 
time when someone else will be viewing our Proceedings as history. Humor helps 
soften the sting. Thus, it was hard not to smile while reading of early 
thermographers struggling to make accurate measurements and dreaming of lighter, 
cheaper equipment. Physics and human nature have not changed. Also fascinat- 
ing is the use of the term “active thermography” so many years ago, and the more 
recent “quickening” of the focal plane array technologies that have lately taken 
us so far so fast. 


From the beginning there has been strong international involvement in 
Thermosense. The Scandinavians and the Canadians, in particular, have been con- 


Appendix C 345 


sistently strong supporters. The lists of authors and steering committee members 
are remarkable. Some, like Andy Kantsios, are no longer with us. Others, includ- 
ing Herb Kaplan, Bob Madding, Greg McIntosh, Tony Colantonio, Gary Orlove, 
and Doug Burleigh, still have vital, leading roles in Thermosense today. Many of 
the others are no doubt still active but have merely chosen new settings and roles 
in which to act. The Steering Committees have always been responsible for orga- 
nizing the conferences. It is largely through the relationships that members have 
with their profession colleagues that this happens. For that reason, as well as for 
posterity, we have chosen to include a listing of the steering committee members 
for each conference. These people are so obviously important to where we are 
presently. 


It is also clear that throughout our history the manufacturers of equipment have 
had a critical role in growing this industry and helping accumulate this body of 
knowledge. Although the players have changed teams and the teams have changed 
colors many times over the years, to each and all of them we express deepest 
appreciation for their efforts. 


We are proud to have been associated with Thermosense all these years. Many 
fine people at SPIE have contributed to the success of the meeting and also worked 
with us to realize the CD-ROM collection of Thermosense papers. Without the 
support of SPIE, this body of knowledge, both the original yellow books and this 
CD-ROM, might never have existed. 


Thermosense, of course, continues even as you read this. The 1999 conference 
promises to be the largest ever with a continued, strong international presence; it 
is positively overflowing with exciting papers and the enthusiasm and energy of 
our Chair Dennis LeMieux of the General Motors Mesa Desert Proving Ground. 
Because of that strength, we made the decision to include a selection of these 
papers from the 1999 meeting in this collection . We highly recommend you con- 
tact SPIE to find out how you can be involved in future conferences. 


This collection represents the only record of good, solid knowledge that is readily 
accessible to all of us. It is impossible to imagine what the next 21 years will 
bring to thermography. How exciting it is, however, that each of us can have a 
role in shaping the future of our industry and in the shaping of our world through 
technological advances. Global needs are greater than ever, certainly dwarfing 
those we faced when Thermosense first began. We are confident that, armed with 
the knowledge we have gained in these past 21 years, our profession will con- 
tinue to help find new solutions to these problems, both old and new. That will 
have a dramatic, positive impact on people everywhere over the next two decades 
and more. 


John Snell 
Douglas Burleigh 
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NONDESTRUCTIVE TESTING 


Papers from Thermosense III, October 1980, No papers selected 
Papers from Thermosense IV, October 1981, No papers selected 


Papers from Thermosense V, October 1982 


Thermography-applications to the manufacture and nondestructive characterization 
of composites by E. G. Henneke, K. L. Reifsnider, R. J. Shuford, Y. L. Hinton, B. 
R. Markert [0371-20] 


Papers from Thermosense VI, October 1983, No papers selected 


Papers from Thermosense VII, November 1984 
Test of jet engine turbine blades by thermography, by K. Ding [0520-11] 


Thermographic evaluation of bond lines and material consistency of composites 
by J. B. Chambers [0520-16] 


Materials characterization by thermographic imaging by W. J. Rowe [0520-17] 


Applications of real-time thermography for nondestructive testing of composites 
by Y. L. Hinton, R. J. Shuford, C. G. Pergantis [0520-20] 


Evaluation of photovoltaic panels with IR thermography by R. Tscharner, K. H. 
S. Rao, R. Schwarz, A. V. Shah [0520-34] 


The non-destructive evaluation of composites and other materials by thermal pulse 
video thermography by J. M. Milne, W. N. Reynolds [0520-42] 


Papers from Thermosense VIII, September 1985 


Void detection in metals using heat flow parallel to the target surface by G. L. 
Orlove, R. P .Madding, C. P. Burger, B. Raj [0581-06] 


Papers from Thermosense IX, May 1987 
Thermal testing methods as new tool in NDT by C. Florin [0780-44] 
Papers from Thermosense X, April 1988 


Thermographic inspection of superplastically formed diffusion bonded titanium 
panels by D. L. Haavig, D. C. King [0934-18] 


Papers from Thermosense XI, March 1989 


Subsurface flaw detection in reflective materials by thermal-transfer imaging by 
X. Maldague, J. C. Krapez, P. G. Cielo [1094-27] 
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Thermographic NDT of graphite epoxy filament-wound structures by D. D. 
Burleigh [1094-28] 


Flash lamp heat flux requirements for thermographic inspection of fiber composite 
laminates by S. D. Cowell, D. D. Burleigh, T. J. Murray [1094-29] 


Papers from Thermosense XII, April 1990 


Material property measurements with post-processed thermal image data by C. 
S. Welch, W. P. Winfree, D. M. Heath, E. Cramer, P. Howell [1313-19] 


Recent advances in digital thermography for nondestructive evaluation by R. A. 
Buchanan, P. E. Condon, L. M. Klynn [1313-20] 


Numerical modeling of thermographic nondestructive testing for graphite epoxy 
laminates by S. D. Cowell, D. D. Burleigh [1313-21] 


Transient thermographic NDE of turbine blades by X. Maldague, P. G. Cielo, D. 
Poussart, D. Craig, R. Bourret [1313-24] 


Dynamic thermal tomography by V. P. Vavilov [1313-27] 
Papers from Thermosense XIII, April 1991 


Thermally stimulated infrared thermography for composite, ceramic and metallic 
materials inspection by H. Tretout, D. .David, J. Y. Marin, R. De Mol [1467-200] 


Applications of tridimensional heat calibration to a thermographic nondestructive 
evaluation station by X. Maldague, L. Fortin, J. Picard [1467-28] 


Qualitative and quantitative evaluation of moisture in thermal insulation by using 
thermography (Invited Paper) by V. P. Vavilov, A. I. Ivanov, A. A. Sengulye [1467- 
29] 


Flaw dynamics and vibrothermographic-thermoelastic nondestructive evaluation 
of advance composite materials by L. H. Tenek, E. G. Henneke II [1467-30] 


Quantitative measurement of thermal parameters over large areas using pulse- 
video thermography by C. P. Hobbs, D. Kenway-Jackson, J.M. Milne [1467-31] 


Corrosion evaluation of coated sheet metal by means of thermography and image 
analysis by P. Jernberg [1467-33] 


Thermographic analysis of the anisotropy in the thermal conductivity of composite 
materials by D. D. Burleigh, W. De La Torre [1467-35] 


Time-resolved infrared radiometry of multilayer organic coatings using surface 
and subsurface heating by J. W. Maclachlan Spicer, W. D. Kerns, L. C. Aamodt, J. 
C. Murphy [1467-36] 
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Infrared thermal-wave studies of coatings and composites by L. D. Favro, T. 
Ahmed, D. Crowther, H. J. Jin, P. K. Kuo, R. L. Thomas, X. Wang [1467-37] 


Papers from Thermosense XIV, April 1992 


Thermographic imaging of cracks in thin metal sheets by K. E. Cramer, W. P. 
Winfree, P. A. Howell, H. I. Syed, K. A. Renouard [1682-24] 


Processing infrared images of aircraft lapjoints by H. I. Syed, W. P. Winfree, K. 
E. Cramer [1682-25] 


Inversion of pulsed thermal-wave images for defect sizing and shape recovery by 
L. D. Favro, D. J. Crowther, P. K. Kuo, R. L. Thomas [1682-26] 


Automatic defects recognition in composite aerospace structures from experimental 
and theoretical analysis as part of an intelligent infrared thermographic inspection 
system by D. G. David, J. Y. Marin, H. R. Tretout [1682-27] 


Detection of failures in plastic composites using thermography by A. Laine [1682- 
29] 


Evaluation of moisture content in porous material by dynamic energy balance by 
E. G. Grinzato, C. Bressan, P. G. Bison, P. Baggio, C. Bnacina [1682-30] 


Infrared thermography of fatigue in metals by M. P. Luong, [1682-34] 
Thermography evaluation of metal bonding materials by M. Safai [1682-35] 


Source patterning in time-resolved infrared radiometry of composite structures 
by J. W. Maclachlan Spicer, W. D. Kerns, L. C. Aamot, J. C. Murphy [1682-37] 


Papers from Thermosense XV, April 1993 


Inversion of pulse-echo thermal wave images by L. D. Favro, D. J. Crowther, P. 
K. Kuo, R. L. Thomas [1933-15] 


Comparison of scanning and focal-plane-array cameras for IR thermal wave 
imaging by S. M. Shepard, T. Ahmed, L. D. Favro, P. K. Kuo [1933-16] 


Time-resolved infrared radiometry (TRIR) using a focal-plane array for 
characterization of hidden corrosion by J. W, M. Spicer, W. D. Kerns, L. C. Aamodt, 
R. Osiander, J. C. Murphy [1933-18] 


Corrosion detection in aircraft skin by H. I. Syed, K. E. Cramer [1933-19] 


Adaptive thermal tomography algorithm by V. P. Vavilov, X. Maldague, B. Dufort, 
A. I. Ivanov [1933-20] 


Infrared thermographic inspection of superplastically formed/diffusion-bonded 
titanium structures by D. A. Theilen, R. J. Christofersen, B. G. Dods, D. C. 
Emahiser, B. H. Robles [1933-21] 
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Evaluation of a prototype thermal wave imaging system for nondestructive 
evaluation of composite and aluminum aerospace structures by J. J. Selman, J. T. 
Miller [1933-22] 


Quantitative thermal depth imaging of subsurface damage in insulating materials 
by K. E. Cramer, P. A. Howell, W. P. Winfree [1933-24] 


Large-area thermographic inspection of GRP composite marine vessel hulls by T. 
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Sluice gate, 39 

Smoke, 82, 270 

Smoke pencil, 211 

Snow, 169 

Solar absorption, 163 

Solar glint, 175, 176 

Solar heated, 161 

Solar loading, 216, 260 
Solder joint, 315 

Spatial frequency, 113 
Spatial resolution, 117 
Specific heat capacity, 23 
Specular surface, 174 
SPRITE, 95, 99 

Square pulse, 298 

SRF, 119 

St. Louis Gateway Arch, 83 
Stack effect, 211 

Standards, 323 

Standing water, 220 

Steady state, 159 

Steam line, 260 

Steel, 296, 317 
Stefan-Boltzmann law, 48, 63, 183 
Step pulse, 298 
Stop-action, 143 

Storage tank, 164, 258 
Strip annealing furnace, 194 
Strobe light, 323 

Studs, 205 

Styrofoam, 29 

Sun, 35 

Sun filter, 108 


Sun glint, 94 

Sunshine, 174 

Surface moisture, 220 
Surface temperature, 292 
Surveillance, 265 
Survev, 325 

Sweat glands, 27 

SWIR. 14 

Symmetry, 157 
Synchronization, 143 


T/I NDT, 293 

Tactical screening smoke, 82, 274 
Tank, 165, 275 

Tape player, 145 

Target. 49, 58 

Target signature, 157 


Target transfer probability function, 284 


Target visibility, 126 

TDI, 95 

Temperature, 230 
Temperature calibration, 186 
Temperature guidelines, 251 
Temperature references, 106 
Test plan, 324 

Test procedure, 324 

Thermal, 98 

Thermal anomaly, 152, 157 
Thermal bridge, 201 

Thermal capacity, 157 
Thermal clutter, 259, 274 
Thermal conductivity, 28, 216, 231 
Thermal contrast, 296 
Thermal crossover, 165 
Thermal derivative, 58, 115 
Thermal detector, 98 
Thermal equilibrium, 61, 159 
Thermal imaging band, 14 
Thermal imaging system, 8 
Thermal inertia, 164 
Thermal nondestructive testing, 293 
Thermal reflection, 297 


Index 3T! 


Thermal wave, 300 Vapor barrier, 215 

Thermal wave imaging, 293 Varicose veins, 38 
Thermal/infrared nondestructive testing, Vehicle, 177 

293 Verification, 327 
Thermocouple, 7 Very long wave infrared, 14 
Thermoelectric, 97 Video standards, 145 
Thermoelectric cooler, 97 VLWIR, 14 

Thermometer, 5 Voids, 259, 293 

Thermos, 34 Volcano, 272 

Thief, 267 

Three-dimensional noise model, 278 Washed out, 169 
Threshold, 147 Water, 216 

Time-resolved radiometry, 293 Water ingress, 201 

TNDT, 293 Water vapor, 76, 79, 80, 272 
T-number, 92 Weather, 86, 171 
Tomogram, 305 Wedge method, 194 
Tracer gas, 211 Welding, 311 

Training program, 148 White hot, 90 
Transformer, 44 Wien’s law, 52 
Transformer bushing, 236 Wind, 168, 220, 233, 261 
Transmission lines, 235 Window, 30, 132, 138, 204 
Transmission-mode imaging, 303 Windshield defroster, 311 
Transmittance, 60 Wire, 227 

TRR, 293 Wood, 26 

Truck, 268 Wood pulp, 317 

TTPF, 284 Wool, 29 

TWI, 293 

Two-dimensional, 280 Xenon flashlamp, 304 


Two-dimensional MRT, 280 

Zinc selenide, 94 
Uncertainty, 114, 198 Zinc sulfide, 94 
Uncertainty analysis, 190 Zoom, 123 
Uncooled detectors, 97 
Underground storage tank, 258 
Units, 19 
Universal joint, 246 
UST, 258 
Utility pole, 161 


